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1 Introduction

The microscope has, since its conception, been a vital investigative tool for science and technology,
and generations of scientist have been and still are investing their efforts to improve its performance
and the ability to see better smaller and smaller features. This challenging task can be approached step
by step starting with understanding the problem and its conditions. The fundamental resolution limit
of an imaging lens has been demonstrated mathematically by Ernst Abbe in 1873." He showed that
the smallest feature one can resolve with an objective lens is limited to the imaging wavelength ()
over twice the numerical aperture (NA) of the lens (A/2NA). Since the resolution limit of an objective
lens is largely defined by the imaging light wavelength and the numerical aperture of the lens, there
are two general strategies for improving the resolution of the microscope: reducing the imaging light
wavelength and increasing the numerical aperture of the lens. In lithography applications, the
illumination light wavelength has been pushed toward deep and extreme ultraviolet (DUV and EUV)
regimes over recent years to produce smaller features on electronic chips.? Nowadays, it is a common
practice to work at a wavelength of 193 nm (illuminated through special mask) to produce 20 nm
nodes, and even the production of 7 nm nodes will be soon possible with an EUV laser operating at
a wavelength of 13.5 nm.>*> Water or oil immersion objectives are normally used to increase the
numerical aperture of a lens up to 1.57.% Although in lithography the resolution is as small as about
10 nm, EUV light is not suitable for many other applications since the photon at EUV regime has such
a high energy that it can damage most type of samples. However, particularly biological samples
typically need to be observed in the visible spectral range, and for this range, the Abbe limit for the
classical light microscopy is still about 200 nm. This might sound discouraging, but if one looks at
the derivation assumptions from which the Abbe limit was formulated and derived, there are hints to
overcome this fundamental limit. The so-called Abbe formula makes several assumptions during
derivation,"” and by violating one or several of these assumptions, one can go beyond what limits the
classical microscope. For example, the Abbe formula considers the illuminating light to be

unpolarized and uniform in intensity distribution, and these assumptions can be violated by using



4 Introduction

(a) Dielectric (b) Aperture (c) Plasmonic
tip tip tip
Ncore Neore Ngore

Radially Vortex
polarized fiber
photonic mode Vortex
\ fiber facet
( ~,

2a
2

Fundamental hybrid

Fundamental hybrid photonic mode

photonic mode

Nsurr

Core
radius a

Radially polarized

plasmonic mode b

Fundamental hyl
plasmonic mode

Figure 1. Schematic illustrations of fiber based SNOM tips: (a) the dielectric tip, (b) the aperture tip, and
(a) the plasmonic tip. Dielectric tips are tapered optical fibers where the main mode is the fundamental
hybrid photonic mode that is illustrated with red. The mode property is largely influenced by the core radius
a, and core and surrounding medium refractive indices ncore and ngur, respectively. Meanwhile, aperture tips
are tapered and metal coated fiber tips where small apertures are made at the apex. The fundamental hybrid
photonic mode (illustrated with red) is coupled into the fiber tip that later excites the fundamental hybrid
plasmonic mode (illustrated with blue) before experiencing cutoff. The plasmonic mode reaches the
aperture and thus governs the near-field interaction outside the tip aperture. The tip’s behavior is influenced
by the core and the tip radiuses (a and b, respectively) and the core and the cladding refractive indices (7core
and nciag, respectively). Plasmonic tips are tapered and fully metal-coated vortex fiber tips where the radially
polarized photonic (illustrated with red) and plasmonic (illustrated with blue) modes play the main role.

polarized and patterned light. In fact, the focus spot size of a radially polarized doughnut beam is
about 16% smaller than that of a linearly polarized Gaussian beam.®? Since the Abbe formula also
considers a linear emission and excitation process, one can think of a non-linear excitation and
emission schemes. In stimulated emission depletion (STED)'® microscopy, the sample marked with
fluorescent molecules is excited by a normal Gaussian beam, and the molecules in the outer region

are depleted and turned off by the subsequent doughnut shaped pulse. Such scheme can give a

resolution well below 50 nm in the visible range since the resolution (~ 1///N) depends on the total
number of photons (N) collected from one particular fluorescent molecule.'®'* One can also turn on
and off the fluorescent molecules with subsequent pulses whilst tracking the center of the excited
fluorescent molecules in space and time to achieve 20 nm resolution as it is done in photoactivated
localization microscopy (PALM)' or in stochastic optical reconstruction microscopy (STORM)."
These super-resolution microscopy methods offer far-field access to the sample and image it with high
contrast and good resolution, yet they require the sample to be marked with fluorescent molecules and
illuminated with high energy pulses. Thus, they also cannot be the universal imaging tools to study
living cells (due to the phototoxicity and toxicity from organic fluorophores), nano-particles, or other

plasmonic effects. The key to improve the imaging resolution and capture the finer details of an image
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is to include the higher spatial frequencies of emitted light from the sample in the imaging process.
Structured illumination microscopy (SIM) also offers superresolution by expanding the collectable
spatial frequencies to higher frequencies with the Moiré effect.'®!” However, no matter how much the
collectable spatial frequencies are increased, both the objective lens and the propagation of light to
the objective lens act as a low pass filter. There always will be the propagating and non-propagating
evanescent waves with higher spatial frequencies that cannot be captured even with SIM. The direct
and surest way to tackle this problem is to measure the light in the near-field before any propagation

to occur instead of imaging in the far-field.

Various types of scanning probe microscopy (SPM) techniques have been developed over the years
to push the capability of microscope imaging down to an atomic and molecular level.'® 2% In SPM, a
sharp tip/probe is raster scanned over a sample surface to form an image pixel-by-pixel where the
resolution of the image is largely defined by the size of the tip apex. The height information of the
sample is obtained at each pixel by measuring and tracking the interaction force between the tip and
the sample surface. There are different techniques to measure the interaction force and to control the
tip-sample distance. In atomic force microscopy (AFM), a sharp tip is attached to a cantilever, and a
laser beam is shined onto the cantilever back surface and deflected back to a quadrant detector to
measure the magnitude of cantilever bending due o the force acting between the tip and the
sample.!”??7 In so called tapping mode operation, a cantilevered tip is connected to a piezo-electric
element and is electrically driven at its resonance frequency that makes the tip oscillate perpendicular
to the sample surface. Piezo-electric tuning forks are also used in SPMs especially with fiber based
tips (see Figure 1).2°32 The fiber based tip is glued onto one of the prongs, and the tuning fork is
driven at its resonance frequencies. The tuning fork oscillates the tip parallel to the sample surface in
so called shear-force mode.?’3* Upon approach of the tip to the sample surface, the oscillation
amplitude reduces, the phase shifts, and also the resonance frequency slightly shifts in both tapping
and the shear-force modes. By tracking either the amplitude or the phase change while the tip
approaches the sample surface, one can bring the tip in contact with the surface or at a distance of

about 50 nm or below.

The SPM technique can be accompanied with an optical detection mechanism either by collecting the
scattered light by the tip apex or directly collecting the field at the sample surface through the fiber
based tip at each point of the scanning plane. Such technique is called scanning near-field optical

microscopy (SNOM). While the topographic resolution of some SPM techniques, such as AFM,
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scanning tunneling microscopy (STM), and magnetic force microscopy (MFM), have already reached
an atomic resolution,?® the optical and topographic resolution of SNOM is not quite there yet.
Depending on the size and shape of the SNOM tip and the detection and illumination method, the
quality of the measurement (resolution, signal to noise ratio, contrast, etc.) varies greatly. The earliest
SNOM technique used fiber based aperture tips (see Figure 1b) that were tapered and metal coated
fiber tips with small apertures at the front for light in- and out-coupling.?*?* The near-field of the
sample can be directly coupled into the aperture then guided through the fiber and detected at the other
end of the fiber. The aperture size determines the optical resolution; the smaller is the aperture, the
better is the optical resolution. However, with decreasing aperture size, the transmission and collection
efficiencies reduce resulting in poor signal to noise ratio (SNR) in optical measurements. Depending
on the coating metal, the taper angle, and the operating wavelength, typical transmission efficiencies
are about 107% or lower for tips with aperture sizes of about 100 nm.>* Despite these adversities,
single fluorescent molecules have been successfully studied with aperture tips.?>2* The aperture size
can be made as small as few tens of nanometers, but the tip size will be always as large as
200 — 300 nm since the coating thickness is about 100 nm to prevent in-coupling of stray slight. This
means that the topographic resolution is about 200 — 300 nm in SNOM measurements with aperture
tips. A better alternative that can guarantee good resolution in both optical and topographic
measurements is a scattering SNOM (s-SNOM). The s-SNOM method uses apertureless AFM
cantilever tips with an apex size of about 20 nm to scatter the near-field of the sample and detect it in
the far-field.>>-?” When illuminated with a focused beam, the tip apex acts as an antenna and mediates
between the far-field illumination and the sample under study. Since the tip apex is as small as about
10 — 20 nm, both the optical and topographic resolution is about 20 nm.>3¢ Since the tip apex is
illuminated from far-field either by a parabolic mirror or an objective lens, the majority of the reflected
light comes from the sample surface and the tip shaft and not from the tip apex. Thus, s-SNOM
requires other techniques to suppress this background light and increase the SNR in the optical

37-39

measured images. Common techniques are lock-in detection, cross polarization technique,*

27,41,42

homodyne, heterodyne, or pseudoheterodyne.** Despite these complicated techniques, the SNR

and optical resolution of s-SNOM measurements degrades with decreasing illumination wavelength

which is the typical reason why s-SNOM is mostly used in infrared regime.***’

Both of these two types of SNOM tips, aperture and apertureless, have their pros and cons. The
aperture SNOM tip measurements offer great flexibility in measurements, versatile illumination and

collection possibilities, and good background suppression. However, the topographic and optical
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resolution are not as good as that of the s-SNOM measurements and the transmission efficiency of the
tip needs to be improved. Meanwhile, the apertureless AFM tip based s-SNOM produces good images
with high topographic and optical resolutions, but there is still the problem of far-field detection, low
SNR, and complicated techniques to suppress the background scattered light. Furthermore, only a tiny
fraction of the illuminated light contributes to the real near-field imaging so that the far- to near-field
conversion efficiency is as bad as or even worse than the aperture SNOM tip. By combining
advantageous features of both of these two SNOM tips, one can create a new super-performing tip.
The best case scenario would be making the tip out of fiber so that the simplicity and versatility of

fiber SNOM measurements is inherited and yet adapting the tip shape and size of AFM tips.

It would also be advantageous to incorporate plasmonics in creating a new type of SNOM tip since
plasmonic fields, the so called plasmon polaritons which are composed of electromagnetic fields
coupled with free electron oscillations at a metal surface, can be confined to a subwavelength structure
without limitation in its geometrical size.**** Plasmonic nanoantennas, a spherical gold particle or a
gold nano-rod, have been attached to the apexes of fiber based SNOM tips to enhance field localization
and detection ability.>*? Instead of a conventional circular aperture, a bow-tie metal antenna has been
fabricated on the aperture plane of the aperture SNOM tip to enhance the tip’s transmission
effiency.>*** Assisted with plasmonic nano-antennas, these tips have been successfully used in
measuring fluorescence of a single molecule proving the benefit of incorporating plasmonics in
SNOM.3%-3* In addition to localized plasmons bound to nano-antennas, one can also use propagating
surface plasmon polaritons (SPPs) that are surface waves existing at the dielectric-metallic
interface.’>> These electromagnetic fields coupled with free electron oscillations at a metal surface
are confined transversally at the dielectric-metallic interface where the full-width half maxima
(FWHM) is about 200 nm.>® If SPPs are symmetrically excited on a metallic conical structure, there
occurs a very peculiar phenomenon. Suppose a radially polarized plasmonic mode (has symmetric
radial electric fields) is excited on a metallic conical structure, and it is propagating toward the sharp
apex. During the propagation, two important changes happen to the radially polarized plasmonic mode.
First, the effective index of the mode increases with decreasing tip radius so the mode’s effective
wavelength shrinks toward the apex so the mode becomes confined longitudinally along the tip axis
in addition to the natural transverse confinement. Second, while the mode propagates toward the tip
apex, the mode field amplitude increases with decreasing tip radius due to the decreasing transverse
dimension of the structure and the in-phase electron oscillation at the metal surface. Hence, as the

radially polarized plasmonic mode propagates toward the tip apex, the electromagnetic field becomes
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more and more confined both transversally and longitudinally while increasing in field amplitude

t,57 and the radially polarized

strength. This phenomenon is called plasmonic superfocusing effec
plasmonic mode on a conical metallic structure is called a superfocusing mode. There have been many
attempts in producing tips that employ this plasmonic superfocusing effect, where different methods
were used to excite the symmetric radially polarized plasmonic mode on a metallic (mostly gold)
conical structure. The most successful type of method was engraving gratings on a shaft of a solid
gold tip about 20 pm away from the tip apex.®®*> When the grating is illuminated from a far-field,
SPPs are excited on the tip shaft and propagate toward the tip apex. In this case, the far- to near-field
conversion efficiency is improved up to 0.1-1%, which is better than the s-SNOM case.®® The greatest
advantage of this method over the conventional s-SNOM method is, however, the background
suppression. Since the tip apex is not directly illuminated, the excitation and detection spots are
separated thus reducing the influence of the far-field illumination. In addition, carefully designed
photonic crystal structures have been fabricated on a cantilever platform of a cantilevered tip to excite
the radially polarized plasmonic mode on a solid silver tip.®* Aluminum coated and cantilevered
dielectric tips also have been employed where the plasmonic mode is excited by far-field
illumination.** These experimental studies demonstrated that when the tip structure is properly
designed, and the radially polarized plasmonic mode is employed, the plasmonic superfocusing effect
can enhance SNOM performance greatly. %1% However, we still prefer the versatility and simplicity
of the fiber based SNOM tips so it is worth exploring a way to incorporate the superfocusing effect in
fiber based SNOM tips.

Theoretical studies showed that such super-performing tips can be made by tapering and fully metal
coating an optical fiber where the superfocusing plasmonic mode can be resonantly excited by a
radially polarized fiber mode.®®"! Hereafter, we refer to the tapered and fully metal coated fiber tips
as plasmonic tips (see Figure 1¢). To produce the plasmonic tip, we use vortex fibers that have double
ring cores and are especially designed for guiding the radially polarized fiber mode over a long
distance with high modal purity.”?>"* When the radially polarized fiber mode is excited in the vortex
fiber, it propagates in the tapered region where the propagation constant of the fiber mode decreases
with the shrinking core radius. At a certain tip radius, the longitudinal wavevector components become
equal for both of the radially polarized fiber mode in the fiber core and the plasmonic mode at the
outer metallic surface. Due to this phase matching and the similar symmetric field distribution, the
radially polarized fiber mode can resonantly excite the radially polarized plasmonic mode at the outer

metallic surface (at outer interface between metal cladding-surrounding medium). When the
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resonantly excited radially polarized plasmonic mode reaches the tip apex, it is localized creating a
hot spot at the tip apex owing to the superfocusing effect.’’>* On top of inheriting the best qualities
of the aperture SNOM tips, versatility and simplicity in measurements, and of the apertureless SNOM
tips, good optical and topographic resolution, the plasmonic tip employs the plasmonic superfocusing
effect in its functionality. These features make the fiber based plasmonic tip a very promising new

technique for SNOM.

A fully functioning fiber based plasmonic tip is not yet realized let alone demonstrated in near-field

SNOM measurements. In light of recent developments of vortex fibers,’? "

we are able to produce
fiber based plasmonic tips and study their detection and excitation characteristics in the near- and far-
fields. The aim of the current work is to realize fiber based plasmonic tips and study analytically and

experimentally their detection and excitation characteristics in the near- and far-fields.

The current work is structured as follows. We will start with modal analysis of the fiber based SNOM
tips to understand their functionality and behavior in the near-field excitation and detection scheme in
Chapter 2. This section will help us to compare the performances of different fiber based SNOM tips
and most importantly highlight the advantages of plasmonic tips. In Section 2.1, we will introduce the
fiber based SNOM tips and discuss briefly about their properties and working mechanism so that we
can choose the right mode for modal analysis. In Section 2.2, a quasi-linearly polarized modal analysis
is formulated in a general form to express the modes in cylindrical waveguides that can be either
dielectric, aperture, or plasmonic tips depending on the chosen core and cladding refractive indices.
Due to the tapering and the metal cladding, the linearly polarized (LP) mode approximation, which is
commonly used to express linearly polarized degenerate modes in optical fibers, cannot be used to
decouple the hybrid modes into two degenerate orthonormal basis. Thus, we use the quasi-linearly
polarized mode formalism where the quasi-linearly polarized modes in tapered waveguides are
analogous to the LP modes in weakly guiding waveguides. By analyzing the field distributions and
amplitude evolution through the tapered region of the tips, it is possible to understand the behavior of
different fiber based SNOM tips and their detection and excitation characteristics during the near-field
measurements. Dielectric, aperture, and plasmonic SNOM tips are analyzed analytically in Sections
2.3, 2.3, and 2.4.6, respectively. In Chapter 3, we study the emission characteristics of the plasmonic
tip in the far- and near-fields. First, we explain the procedures to fabricate the plasmonic tip and to
excite the radially polarized mode in the vortex fiber of the plasmonic tip in Section 3.1. Then, we

study the evolution of the radially polarized modes through the plasmonic tip starting from the fiber
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mode in the vortex fiber and in the tapered vortex fiber to the plasmonic mode at the tip apex in Section
3.2. Since the superfocusing plasmonic mode is excited at the outer metal-surrounding medium
interface, it is highly sensitive to the surrounding medium’s refractive index change. We investigate
the influence of the surrounding medium on the tip emission behavior by immersing the plasmonic
tip in different liquids while probing the tip emission with a microscope objective in Section 3.3. The
plasmonic tip is also used to excite SPPs on a planar gold surface. By scattering these excited planar
SPPs with an annular gratings, we study the apex near-field of the plasmonic tip in Section 3.4 . We
study the plasmonic tip’s detection behavior in Chapter 4. To eliminate the interaction between the tip
and the sample and its influence on the detected near-field, we first scan over a tightly focused beam
to explore the detection characteristics of the plasmonic tip in Section 4.1. After understanding the
detection characteristics depending on the tip apex size and shape, we explore fluorescent beads with
the plasmonic tip and perform SNOM measurements in Section 4.2 . Finally, we wrap up the current

work with conclusion and outlook in Chapter 5.
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2 Modal analysis of fiber based SNOM tips

In this chapter, we study analytically the modes in different fiber based scanning near-field optical
microscope (SNOM) tips and their properties. In Section 2.1 , we introduce different types of fiber
based SNOM tips, and these are the dielectric fiber tips, aperture tips, and plasmonic tips. We will
discuss these tips’ properties and the main modes that influence each tip’s behavior in the far- and
near-fields. Only these main modes will be considered in Sections 2.3 — 2.5 that discuss in detail
dielectric fiber tips, aperture tips, and plasmonic tips, respectively. The other supported higher order
modes in these tips will not be discussed since in practice, their excitation is intentionally avoided at
the fiber end of the tips for example, by using single mode fiber for dielectric and aperture tips. In
Section 2.2 , we establish the general analytical description of modes in cylindrical waveguides
without restrictions on the cladding and core materials. By appropriately choosing the core and
cladding materials, the general expression can be used for different fiber tips. After this analytical
establishment, we analyze the simplest of fiber SNOM tips, that is the dielectric tapered fiber tip and
discuss it in Section 2.3 . In Section 0, we examine the main mode of interest that is the fundamental
quasi linearly-polarized hybrid mode in the dielectric fiber tip in a dielectric surrounding medium. In
Section 2.4 , we discuss the aperture tip that is a tapered and metal coated fiber tip with a small aperture
at the apex for light in- and out- coupling. We particularly focus on the fundamental quasi linearly-
polarized hybrid plasmonic mode at the inner metallic interface and the fundamental quasi linearly-
polarized photonic mode in the fiber core. We analyze these modes and their dispersion relations in
Section 2.4.1. Plasmonic and photonic modes and their transformations through the tapered metal
coated waveguide (aperture tip) are studied in detail in sections 2.4.2 and 2.4.3. It is commonly
believed that the evanescent tail of the fundamental photonic mode participates in the near-field
interaction outside the tip aperture and determines the detection and excitation characteristics of
aperture tips. We will question this matter in Section 2.4.5 by comparing these modes’ characteristics
with the previously reported experimental studies in the literature.??”>7®¢ Meanwhile, Section 2.4.4

concerns the coupling between these two modes. Last but not least, in Section 2.5 , we talk about the
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plasmonic tip that is a tapered and fully metal-coated fiber tip. In Section 2.5.1, we study the conical
surface plasmonic (Co-SP) modes at the interface between the outer metallic surface and the
surrounding medium. As we will show in Section 2.5.1, only the fundamental radially polarized
conical plasmonic mode can reach the tip apex and be confined in the subwavelength apex. Meanwhile,
other higher order modes experience cutoff and thus radiate to the far-field before reaching the tip
apex. To excite the fundamental Co-SP mode, we employ the radially polarized fiber mode within the
tapered fiber core that offers both non-orthogonality and phase-matching with the fundamental
plasmonic mode. This resonant excitation process is discussed in Section 2.5.2. The resonant
excitation efficiency is determined by the plasmonic tip structure and its constituents such as a metal
coating material, a coating thickness, a surrounding medium refractive index, and a core refractive
index. The tips can be fabricated easily with different coating thicknesses so we study the coupling
efficiency depending on the coating thickness in Section 2.5.3. The surrounding medium also can be
altered easily to influence the behavior of the Co-SP modes on the outer surface of the plasmonic tip
and the excitation efficiency. We analyze the excitation efficiency of the fundamental Co-SP mode in

different surrounding media in Section 2.5.4.

2.1 Fiber based SNOM tips

Before analytically describing the modes in fiber based SNOM tips, we want to give an overview on
fiber based SNOM tips. This section will allow us to anticipate the behavior of each type of SNOM
tips and choose the right modes that can exist and participate in the near-field detection and excitation
processes for each tip. Figure 1 illustrates the three main fiber based SNOM tips that are the dielectric
tip, the aperture tip, and the plasmonic tip. As shown in Figure 1a, a tapered optical fiber is called a
dielectric tip, and it is the most basic form of a fiber based SNOM tip. Made of a single mode fiber

7719 or by heating and pulling techniques,®>*! the dielectric

that is tapered either by chemical etching
tip has the smallest apex size, about 30 nm,*? among the fiber based SNOM tips and thus offers the
best topographic resolution of all fiber based tips. Here, when it is said a single mode fiber, keep in
mind that the fiber’s core radius and the refractive index vary depending on the operation vacuum
wavelength. The mode of choice and its propagation in the dielectric tip are also rather simple and
straight forward. The Gaussian free-space beam is coupled into the fiber where it excites the

fundamental Gaussian-like hybrid mode of the fiber. As the mode propagates toward the tip apex

through the tapered dielectric fiber, its effective index decreases, and the mode’s tail extends into the
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air with the decreasing core radius of the fiber. Thus, the mode starts to leak into the surrounding
medium as it propagates toward the apex as it is illustrated in Figure 1a. When the dielectric tip is
used as a local light source, the illumination spot will be non-local covering a broad range of area that
is about an order of magnitude larger than the tip size. Besides this poor field confinement at the tip
apex, light can couple into the tip not only through the tip apex but also different parts of the tip since
there is no metal layer forbidding such coupling possibilities. Furthermore, near the tip apex, any
imperfection and dust on the tip shaft can enable coupling between the guided mode within the tip
and incident light on the tip shaft since the guided mode’s tail stretches into the surrounding medium.
This means that when the dielectric tip is used as a detector, the tip can collect both near- and far-
fields over a large area. Consequently, the dielectric tip suffers from poor optical resolution.

Figure 1b illustrates the aperture tip that is a tapered and metal coated fiber where a small aperture is
made at the apex for in- and out-coupling of light. As the idea was first suggested by E. H. Synge,*
the electromagnetic field is transmitted through a small aperture with a diameter of 50 — 200 nm that
is surrounded by metal. Since the optical resolution of such aperture is defined by the aperture size,3*%°
this configuration offers subwavelength optical resolution. For manufacturing the aperture tip, the
tapered dielectric fiber tip (in Figure 1a) is often metal-coated with a physical vapor deposition
method®® where a small aperture is made with a Focused Ion Beam (FIB). Common choices for the
metal coating are aluminum and gold, but in principal, one can use any other metal that is available.
The metal coating thickness is often about 150 nm or more to prevent light leakage through the metal
layer. Due to this thick metal coating around the tip aperture, the total size or the diameter of the tip
is about 300 nm or more so the topographic resolution (smallest lateral feature size measured by a tip)
is at best about 300 nm. Thus, the aperture tip is not the tip of choice for the best topographic resolution.
As for the fiber, one can use either single mode or multimode fibers depending on the tip’s role in the
experiment. Aperture SNOM tips made from single mode fibers offer a predictable optical emission
pattern with a better polarizability.” Thus, they are better suited for use as local light sources.
Meanwhile, aperture tips made from multimode fibers, though they give an unpredictable emission
pattern in the near-field, have higher light throughput efficiency for both in- and out-coupling.
Consequently, they are better suited for use as local detectors. The fundamental hybrid photonic mode
is always excited at the fiber end of the aperture tip that is made of a single mode fiber. This mode is
expected to go through a transformation in the tapered region of the tip and to excite the fundamental
hybrid plasmonic mode at the fiber core-metal cladding interface as illustrated in Figure 1b.”® We

will discuss these aspects in detail in Section 2.4.
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The plasmonic tip is a tapered and fully metal-coated fiber tip that is illustrated in Figure 1c. As the
name suggests, the power conversion between the near-field and the far-field is mediated by the
radially polarized plasmonic mode at the surrounding medium-metal coating interface. This radially
polarized plasmonic mode plays the fundamental and essential role in the plasmonic tip’s function.
Depending on the application, the plasmonic tip can be made of different fibers. When the tip is used
as a local light source, the plasmonic tip is made of a vortex fiber’* that has double ring cores (see
Figure 1c) for safely guiding the doughnut shaped radially polarized photonic mode over a long
distance. When the in-coupled radially polarized photonic mode into the vortex fiber reaches the
tapered region of the plasmonic tip, it excites the radially polarized plasmonic mode on the outer
metallic layer of the tip at a certain tip radius. The excited plasmonic mode then propagates toward
the tip apex and creates a localized strong field at the tip apex that can be used as a local light source.
Meanwhile, one can use multimode fibers for manufacturing the plasmonic tip when it is employed
as a local detector. When the plasmonic tip is raster scanned over a sample surface for light detection
in collection mode, the local near-field of a sample will excite a longitudinal field at the apex of the
plasmonic tip. The longitudinal field becomes a source of the radially polarized plasmonic mode that
will propagate away from the apex and excite a photonic mode inside the tapered fiber.” Consequently,
one can detect the light at the other end of the fiber tip. With regards to the metal coating, gold or
silver is preferred in the visible range, because they have smaller losses compared with other metals
such as aluminum or tungsten (which are better suited for UV range). The coating thickness can be
50 — 100 nm depending on the purpose: too thin and light will leak into or out of the tip, too thick and
the light throughput efficiency drops significantly with the increasing coating thickness. For a 100 nm
of coating thickness, the typical apex size of the plasmonic tip is about 250 nm when a physical vapor
deposition method is used for coating the tip. An additional sharpening method is required to achieve
a smaller tip apex and improve both the optical and topographic resolution in SNOM applications.

The plasmonic tip’s structure and working principal offer not only a greater power conversion
efficiency but also huge improvements in both optical and topographic resolution compared with the
dielectric and the aperture tip. Since the plasmonic tip is fully covered with a metal coating layer, one
can achieve an apex size that is as small as that of the dielectric fiber tip (~ 30 nm) either by sharpening
with a FIB or by dry etching with Ar" ions. Furthermore, light can be confined onto the plasmonic tip
apex where the spot size is only limited by its geometrical dimension.®” Consequently, the plasmonic
tip has the ultimate potential to have the best topographic resolution by having a small apex size and

optical resolution by confining light onto this small apex.’’>%% The properties of the plasmonic tip
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are amendments to the previously mentioned two types of tips and thus can bring the performance of
the fiber based SNOM to a whole new level that can be even better than the atomic force microscope

(AFM) tip based scattering SNOM. We will discuss the plasmonic tip in detail in Section 2.4.5.

2.2 General analytical description of modes in cylindrical waveguides

We establish here the analytical basis of the guided modes in a cylindrical waveguide with arbitrary
core and cladding media. The equations derived in this sections are adapted from “Light Transmission

» 21 ed. by Dietrich Marcuse®® and “Fundamentals of Optical Waveguides” 2™ ed. by Katsunari

Optics
Okamoto.® We derive the equations in a cylindrical coordinate system that is defined by a radial
coordinate p, an azimuthal coordinate ¢, and a propagation coordinate z. Maxwell’s equations in
frequency domain allow us to express p and ¢ field components (electric and magnetic complex

fields) with z components (E, and H,) as®®

-l
and
© =;—2i %%—:Ioz+wsoel aEZ]. (1d)

Here, w is the angular frequency, y, is the vacuum permeability, &, is the vacuum permittivity, and
g, = n? is the dielectric constants of a medium [ where n, is the refractive index. We consider the
media to be linear, isotropic, and dispersive so the permittivity is given as &;(w) = n#(w) where w is
the angular frequency of the operating laser. In the experiment, we operate with a continuous wave
laser where the laser operating wavelength in vacuum is often used instead of the angular frequency.
Henceforth, the laser operating wavelength in vacuum will be given. Furthermore, f is the
propagation constant or the wavevector along z-axis, and ¢ is the transverse wavevector. With
Equation (1) and Maxwell’s equations, one can derive the wave equation as

0°F 10F 1 0°F

— — e —— 2 =
6p2+p6p+p26<p2+(F 0, (2)
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where F is either E, or H, fields. With an ansatz F = AF(r) expli(vp + ¢ — wt + Bz)] where
A, v, w, and 1 are constants, and t is a time variable; we can deduce above equation to
0°F 10F V2 - 3)
a—p2+55+<{2 —?>F = 0.
Physical meanings of the constants are: A is the field amplitude, v is an azimuthal mode number, w is
the angular frequency, and 1 is a phase constant. In later calculations, we consider a steady state case
and thus drop the term with exp(i(fz — wt)) for simplicity. It can be added any time later.
Equation (3) is the differential equation for Bessel functions. To have a converging physical solution

in the core, we choose Bessel function of the 1% kind (], (r)). For the cladding, we choose Hankel

function of the 1% kind (Hf/l) (r)). Once appropriate functions are chosen, we get a general ansatz in

the core as
E, = 4], ({p) explive + i), (4a)
and
H, = BJ,({p) exp(ive + i), (4b)
where A and B are field amplitudes, { = m is the transverse wavevector with the core
dielectric constant of €1, and k, = 2w /A, is the wavenumber with the free-space wavelength of 4. In

the cladding, we substitute { = iy in Equation (3) and obtain the fields as

E, = CHS (iyp) explivep + i) (5a)
and
H, = DHf,l)(i)/p) exp(ivep + i), (5b)
where C and D are field amplitudes, and y = /82 — ki, is the transverse wavevector with the

cladding dielectric constant of ¢,.

With equations (4) and (5), waveguide modes are solved and classified into hybrid modes that are
mostly transverse magnetic (HE) and mostly transverse electric (EH) type of modes, transverse
electric (TE) modes, and transverse magnetic (TM) modes. For the dielectric and the aperture tips, the
HE mode is of interest since the lowest order mode can be found from this branch by setting the
azimuthal mode number to v = 1 as HE1» where m is the radial mode number. For plasmonic tips,
the TM mode is of interest for which the azimuthal mode number is v = 0 since this branch has a

radial electric field component (E, # 0) and no azimuthal field component (E, = 0).
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Before finding the rest of the field components, we would like to modify equations (4) and (5) because
in the current state, they do not describe modes properly in the dielectric and the aperture tips. Hybrid
modes are mixture of two orthogonally polarized degenerate states, yet the input beam into the fibers
of the dielectric and the aperture tips is linearly polarized. Thus, we need to find a proper expression
for a mode that can be excited by a linearly polarized input beam and exist in tapered fiber tips or
tapered and metal coated fiber tips. Due to the tapering and the metal cladding, there cannot exist
purely linearly polarized modes in dielectric or aperture tips; therefore, we cannot use the conventional
linearly polarized (LP) mode approximation that are commonly used in optical fibers. To circumvent
this issue, we use the quasi-linearly polarized mode formalism as it is the most accurate description
of modes in any type of waveguides. The quasi-linearly polarized mode formalism is established by
replacing exp(ive + iy), that describes the azimuthal variation of fields with a constant phase of 1),
in equations (4) and (5) with cos(ve + ¥) and sin(ve + ¥). By doing so, we can decompose the
hybrid modes into two orthogonal quasi-linearly polarized hybrid modes (for details see Reference 88

and 89). For example, the fundamental hybrid photonic mode of HEi1 can be decomposed into the

quasi x-polarized HE}; mode when ¥ = 0 and the quasi y-polarized HE i’l mode when ) = g The

quasi-linearly polarized modes have all 6 vector field components. For the quasi x-polarized mode,
the electric field’s x-component is the dominant one, and the y-component is for the quasi y-polarized

mode.

With the above mentioned modification, we can find p and ¢ components of the electromagnetic field
by using equations (1), (4), and (5). Thus, for a waveguide with a radius of p,, the field components

in the core (p < p,) are given as

E, = A}, ({p) cos(vp + ), (6a)
H, = B1LGp) sin(ve + ), (6b)

—i . wlgV
Ey = 75 |BLA1GR) + =20 B, ¢p)| costv + ), (60
By = 5[ 2" 41,Gp) = anadBL G| sincr + ), (6)
Hy = 2[5 ,Gp) + BB, 6| sin(v + ), (60)

and
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Bv
H, = fz 0)5031(14]1;(([)) + 713]1;(([)) cos(ve + 1), (61)
where J,,({p) = 3], ({p)/d({p). Here, p, can be either the core radius a or the tip radius b in Figure

1.

In the cladding (p > py), the field components are given as

E, = CHl(,l) (iyp) cos(vp + ), (7a)
H, = DH(l)(iyp) sin(vp + ), (7b)
E, = y LﬁyCH( )(lyp) + p DH( )(lyp) cos(vo + 1), (7¢)
o =BV . (1),. . PN

E, = z TC H, 7 (iyp) — iwueyDH,” (iyp) | sin(ve + ), (7d)

I [wegELV
H, = el (,)0 2 CH(l)(l)/p) + L,ByDH( Y (Lyp) sin(vp + ), (7e)

and
i

H, = ﬁ iwe szyCH( Y (iyp) +ﬁ;) H(l)(l]/p) cos(vp + ), (71)

where HSY (iyp) = aHS (iyp) /3 (iy p).

Meanwhile, to convert from the cylindrical to the Cartesian coordinate systems, we can use the
following relations

E, = F, cos(¢) — F, sin(¢), (8a)
and

F, = F, cos(p) + F, sin(e), (8b)

where F represents either the electric or magnetic fields.

To find the amplitudes B, C, and D, we use the continuity of the transverse fields (E,, H,, E,, and H,,)

at the core-cladding interface at a core radius of p = p, and find them as

Jv({po)
C=A—7———-
Hw(/l) (iypo) a)
]v((ﬂo)
D=B———,
H1(/1) (iypo) )

and
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B =

4By [_ _][Iv(fpo) Hy" (ivpo) (9¢)

powiio ly? ~ 2SI (Cpo)  iyHM (iypo)
The amplitude A can be set as 1 or found by making the total time averaged power to unity that is
P= fffooo 0.5Re[(E X H) - u,]dS for lossy waveguides and P = fffooo 0.5Re[(E x H*) - u,]dS for

non-lossy waveguides. The continuity of the transverse fields also gives the dispersion relation as

]v((ﬂu) 0 —H‘(,l)(iypo) 0
- (2 1 @po) '“’(’“ (2P0 p’j Hy %Hs%ypo) B 1)
0 1y (po) 0 —H ey |
_iw;"gl 1o L Bl U v
This general dispersion relation can be decomposed into two separate equations that are for HE and
EH type of modes. By solving the quadratic equation of (10) for %, we obtain

W(@po) (et HYY (ivpo)
¢poJv(Cpo) 28 iypUH‘(,l)(iypo)

2
1 HM (iypo) HY Gypo) ) 1 ,
’ 2_81\/ <(€1 e ivpoHP Giype) | o <i7P0H1(/1)(iVPo)> - ((poy)“ (po¢ )4) B

The minus and plus signs in front of the square root in Equation (11) give dispersion relations for HE

(11)

(‘=" in front of the square root) and EH (‘“+’ in front of the square root) type of modes, respectively.
Furthermore, if we set the azimuthal mode number to v = 0 in HE (“=’ in front of the square root) and
EH (‘“+’ in front of the square root) dispersion relation equations, we can find the dispersion relations

for TM and TE modes, respectively.

So far, we have obtained all the necessary equations for analyzing the modes in different fiber SNOM
tips. Before we start analyzing and discussing different tips and modes within them, we will make
some assumptions for simplicity in evaluating the modes and their propagation in the tapered fiber
tips that will be discussed in later sections. First, we will assume that the waveguide’s cladding is
infinitely thick so that there are only two media (core and cladding) taken into consideration. This
assumption is justified for most fiber SNOM tips. During the tapering process of the optical fiber,
either the core or the cladding of the optical fiber vanishes depending on the tapering method. In the
heating and pulling method, the fiber core shrinks in size and becomes irrelevant near the apex region.
In the chemical etching method, the optical fiber is etched starting from the fiber cladding so only the
core remains near the apex region. Thus, when we calculate modes in the dielectric tips, we consider

the core as a tapered fiber and the cladding as the surrounding medium. For the aperture and the
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plasmonic tips, the field’s penetration depth in the metal (~ 20 nm at a wavelength of 784 nm) is
smaller than the metal layer thickness (> 100 nm). Thus, again the 3™ medium can be overlooked.
Second, the tapered fiber tip is considered as conjoined cylindrical waveguides with decreasing
radiuses and infinitesimal thicknesses. Thus, we can consider modes in each cylindrical structure
instead of calculating a mode in a conical structure. Third, since the typical taper angle of tapered
fiber tips is smaller than 20° (with the heating and pulling method), we assume that the modes
propagate adiabatically in the most part except near the mode cutoff radius. The adiabatic propagation
of modes ensures that the transition of these local modes from one cylinder to the neighboring cylinder
will not give rise to excitation of other higher order modes or back propagating counter parts. With
this assumption, we can consider the local modes in each local cylindrical structure as the eigen modes
of the tapered fiber tip. An exception occurs only within the last micrometer of the tip because the
dispersion curves of modes depending on the core radius bend sharply toward the mode cutoff. This
behavior results in high non-adiabaticity in the mode propagation regardless of the small taper angle.

Since such a region is short, we can neglect it in most cases and discuss it separately.

The fields at the apex or aperture plane of fiber based SNOM tips can also be studied by doing
numerical calculations (finite difference time domain or multiple multipole methods)®®**! or using a
dipole approximation (Bethe-Bouwkamp theory).”>*® As we will show in upcoming sections, the
analytical calculations agree well with the numerical calculations. However, unlike our analytical
calculations, the numerical calculation is of little help in understanding the mode propagation and its

field transformation during the propagation toward the tip apex or aperture.

2.3 Dielectric tips

In this section, we consider the dielectric tapered fiber tip and the fundamental hybrid mode (HE11)
that is guided within the tip. We use equations (6), (7), and (11) introduced in Section 2.2 to find the

field distributions and the dispersion relations of the fundamental hybrid mode. In these equations, we

have transverse wavevectors as { = /82 — kZecore and y = \/k3&sur — B2 where the core and

cladding dielectric constants are &; = €¢ore and &, = &gypr- To calculate the dispersion relation of
HE11, we use Equation (11) with a minus sign in front of the square root. In the calculations, we choose
a core refractive index of ncore = 1.4535,” a surrounding medium refractive index of nsur = 1.0, and a

laser vacuum wavelength of 1, = 784 nm. The dielectric tip is expected to have a taper angle no larger
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Figure 2. (a) Effective index curve of the fundamental hybrid mode (HE::) in the dielectric tip. The
dielectric tip structure is illustrated in Inset 1. The effective index curve slowly decreases with the
decreasing core radius a, and near the core radius a of 100 nm, it becomes almost 1. The close-up of this
region is shown in Inset 2. Having an effective index close to 1 means that the mode is turning into a free
space beam. Thus, it is no longer guided in the dielectric core. (b) Absolute of the electric field components
(IEx|, |Ey|, and |E,|) at a core radius a of 2 pm. Here, we consider the quasi x-polarized mode that is noted

as HE{,. (¢) Absolute of the total electric field (|E,| = \/|Ex|? + |Ey|? + |E,|?) at different core radiuses
a: 500 nm, 250 nm, 200 nm, and 100 nm.

than 20° and an apex size/diameter of about 30 nm. In Section 0, we discuss in detail the dispersion

relation of the HE11 mode and its evolution in the taper during propagation toward the apex.

The fundamental quasi x-polarized hybrid mode in dielectric tips. First, we will discuss the
dispersion relation of the fundamental hybrid mode (HE:1) in the dielectric tip. The effective index
curve (f/k,) of the fundamental hybrid mode is shown in Figure 2a. The waveguide structure is

illustrated in Figure 2a in Inset 1. Since the surrounding medium of the waveguide is considered to

be air (nsurr = 1.0), and the core is also assumed to be lossless, the imaginary part of the effective index
is negligible. There are several aspects we can learn from this dispersion curve. First, we need to
observe the rate of change of the effective index. The effective index at a larger core radius a changes
smoothly and adiabatically never exceeding the core refractive index (7core). Here, the mode will
propagate rather smoothly preserving its properties. Below the core radius a of 600 nm, the effective
index depending on the core radius a changes rapidly. This indicates that the mode’s propagation is
largely non-adiabatic in this region, and there will be coupling to the back-propagating counterpart.
Next, we take a close look at Inset 2 in Figure 2a which is a close-up of the dispersion relation below
the core radius a of 200 nm. The inset shows that the dispersion curve changes from the concave-
down curve into a concave-up curve near the core radius a of 150 nm that is called the point of
inflection. It is expected that there will be significant changes in the mode and its field components
ratios at the point of inflection. Furthermore, Inset 2 also shows that at a core radius a of 100 nm, the

effective index of the HE11 mode becomes f/k, = 1.00103 and is very close to 1. The closer the
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mode’s effective index is to the cladding refractive index (in this case air), the weaker the mode is
guided in the waveguide. The 780HP fiber (Thorlabs) with 7rcore = 1.4593 and nclad = 1.4535 is
considered a weakly guiding waveguide®’ as the difference between the mode’s effective index and
the cladding refractive index (PBugi17 swp/Ko — Nclag) 15 0.004. If we compare this number
(Bue11/ko — nair = 0.001) with that of the dielectric tip, there is 4% difference. This means that at a
core radius a of 100 nm, the HE11 mode is guided much weaker in the dielectric tip than in the weakly
guiding fiber case. The mode will be largely extended into the free space almost like a free space
beam. Hence, one can say that the HE11 mode will experience cutoff shortly after the core radius a of
100 nm. With the increasing wavelength, this cutoff radius will increase, and the field confinement in
the core will reduce. For a typical dielectric tip with an apex size of about 30 nm,”® the confinement
of the electromagnetic fields is expected to be very inefficient and consequently the conversion
efficiency or the delivered power from the fiber end to the apex. The majority of the light will escape
the tip before reaching the apex and hinder the signal to noise ratio in measurements by acting as a

background light.

Next, we take a look at the fundamental, quasi x-polarized, hybrid mode in dielectric tips that is
denoted as HEf;. We are especially interested in the evolution of the mode profile and the electric
field components ratios during the propagation toward the tip apex. Here, we arbitrary define the x-
axis as the input polarization axis. We calculate the absolute of the electric field components (|E,|,
|Ey|, and |E,|) at a core radius a of 2 um and present the results in Figure 2b. The field components
of the HE ¥, mode resemble that of a focused linearly x-polarized Gaussian beam.”” This means that
for dielectric tips made of single mode fibers, the HE7; mode can be excited by the x-polarized
Gaussian beam. Furthermore, the mode is confined within the dielectric tip at a core radius a of 2 um.

This mode profile changes, however, as the core radius a decreases. We calculate the absolute of the

total electric field (|E,| = \/|Ex|? + |Ey|? + |E,|?) at core radiuses a of 500 nm, 250 nm, 200 nm,
and 100 nm and present the results in Figure 2c. As the figures show, the fields stretch into the
surrounding medium with the decreasing core radius a due to the decreasing index difference between
the refractive index of the cladding (air) and the mode’s effective index. We can see this clearly if we
calculate the penetration depth of fields in air that is the radial distance from the core radius a to the

point where the field intensity reduces to 1/e (Beer-Lambert Law) of the value at the core radius a.
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Figure 3. Field components ratios of the HE{; mode depending on the core radius a. |E, |?/|E,|? is in a
dashed red line, and |E,|?/|E,|? is in a solid red line. We calculate the field components ratios only until a

core radius a of 100 nm since below this point the effective index of mode is nearly 1 indicating the mode
has turned into a free space beam.

The penetration depth of the fields at a core radius a of 500 nm is 59.54 nm, and it increases to
158.28 nm at a core radius a of 100 nm. At a core radius a of 100 nm, the field strength in the core is
weaker than in the cladding. Essentially, the mode is experiencing cutoff at a core radius a of 100 nm

so the mode energy is escaping the core.

Lastly, we calculate the field components ratios that are |E,,|*/|E,|* (dashed red line) and |E,|*/|E,|?
(solid red line) and present the results in Figure 3. At each core radius a, the maxima of |E,|?, |E, |2,
and |E,|? are found, and the y- and z-components are compared with the x-component which is the
dominant one for the HEJ; mode at a large core radius a. As the figure shows, the y- and z-
components increase in strength compared with the dominant x-component with a decreasing core
radius a. This behavior is very similar to the focusing of a free space Gaussian beam by a lens. Here,
the increasing numerical aperture (NA) of the lens is analogous to the decreasing core radius a of the
dielectric tip. In both cases, however, the y- and z-components never become larger than the x-
component as can be seen in Figure 3. By the time the ratios reach their maxima near the core radius
a of 150 nm (point of inflection in Figure 2a), the mode starts to leak into the air turning into a free

space beam. Since the mode is no longer guided in the waveguide, the ratios cannot increase further.

2.4 Aperture tips

In this section, we will discuss the aperture tip which is a tapered metal coated fiber tip where a small
aperture is made at the tip for in- and out-coupling of light. In aperture tips, there exist photonic modes

that are guided in the area of increased index in the fiber core and plasmonic modes that are confined
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at the fiber core and the metal cladding interface. Among the many possible modes, we will
concentrate on the two main modes that are the fundamental hybrid plasmonic and photonic modes
since they play essential roles in the aperture tips’ functionality. First, we will take a look at the
dispersion relations of the fundamental plasmonic and photonic modes in Section 2.4.1. Properties of
each mode will then be discussed individually in sections 2.4.2 and 2.4.3. We will discuss the coupling
between the fundamental plasmonic and photonic modes in Section 2.4.5. The roles of the
fundamental photonic and plasmonic modes in aperture tips are discussed in Section 2.4.4. Lastly, we
will discuss the influence of the metal cladding material on aperture tip’s functionality in Section 2.4.6.
We use the formalism in Section 2.2 to analyze the fundamental hybrid photonic mode in the dielectric
core and fundamental hybrid conical surface plasmon (Co-SP) mode at the inner (dielectric core-metal
cladding) interface. To determine the dispersion relations of the fundamental plasmonic and photonic
modes, we use Equation (11) with a minus sign in front of the square root that describes the HE type

of photonic and plasmonic modes. The field components are calculated using equations (6 —9). In
these equations, we have the core and cladding dielectric constants of & = &.ope and €,(1y ) =

Emetal(Ao ) , respectively. The transverse wavevectors in the core and the cladding are { =

VB2 — kéecore and y = \kEemeral — B2. In sections 2.4.1-2.4.5, we will consider gold cladded

aperture tips. We designate the plasmonic mode at the inner (dielectric core — metal cladding) interface
as vCo-SPin where v is the azimuthal mode number and “in” refers to the inner interface. This helps
us to distinguish them from the plasmonic modes at the outer (metal cladding-dielectric surrounding
medium) interface that will be discussed in Section 2.5 . For calculating the modes in aperture tips,

we choose a core refractive index of 7coe=1.45357 a gold refractive index of

ngold(Ao) = V-20.95 + 1.68i,'% and a laser vacuum wavelength of A, = 784 nm. The aperture tip is

expected to have a typical taper angle of about 20° and an aperture size/diameter of about 100 nm.

2.4.1 Dispersion relations of modes in aperture tips

We consider a dielectric conical structure with a core radius a in an infinitely large metal surrounding
medium as illustrated in Figure 4a in Inset 1. In this structure, the fundamental photonic and
plasmonic modes have the smallest cutoff radius and thus can propagate to a tapered region with the
smallest core radius a. We show the calculated effective indices of the fundamental photonic (red
lines) and plasmonic (blue lines) modes depending on the core radius a in Figure 4a and b which are
for the real (B8'/k,) and imaginary (8" /k,) parts, respectively. As it can be seen in the figures, the

effective index value decreases slowly and adiabatically above a core radius a of 600 nm so modes
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are expected to propagate and transform adiabatically in this region. In this region, the imaginary part
of the effective index is greater for the plasmonic mode than the photonic mode indicating the
propagation loss is large for the plasmonic mode. However, the effective indices start to change
rapidly below the core radius a of 600 nm for both modes. This rapid change of the effective index
indicates that the modes will propagate non-adiabatically despite the small taper angle. Since the local
modes can no longer be approximated as the eigen modes, there can occur a coupling between
different modes and their backward propagating counterparts in this region. Inset 2 in Figure 4a

zooms into the region where the core radius a is smaller than 500 nm. It shows that the dispersion
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Figure 4. (a) Effective index’s real part for the fundamental plasmonic (HEco-spin, blue curve) and photonic
(HE11, red curve) modes depending on the core radius a. Inset 1 illustrates the waveguide structure that has
a dielectric core with a radius of a and an infinitely large gold cladding. Meanwhile, Inset 2 shows the
close-up of the near cutoff region. (b) Effective index’s imaginary part for the fundamental plasmonic (blue
dashed curve) and photonic (red dashed curve) modes depending on the core radius a. (c-e) Absolute of the
electric field components (|Ey|, |Ey|, and |E,|) for the HE {,_sp;, mode at core radiuses a of (c) 2 pm, (d)
502 nm, and (e) 25 nm. The superscript x denotes that the mode is quasi x-polarized. (f-h) Absolute of the
electric field components (|Ex|, |Ey|, and |E,|) for the HE{; mode at core radiuses a of (f) 2 um, (g)
405 nm, and (h) 200 nm. Adapted from Reference 76.
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curves change from a concave-down to a concave-up type of curve (inflection point) near the core
radius a of 300 nm for the photonic mode and 120 nm for the plasmonic mode. As we will show later,
this curvature change of the effective index curve indicates a major shift in mode behavior such as the
mode profile and its maximum intensity ratios between the different field components. Furthermore,
in this region, the photonic mode approaches closer to the mode cutoff and so the imaginary part of
the effective index increases. Thus, the propagation loss of the photonic mode becomes larger than

the plasmonic mode.

Depending on the real part of the effective index, modes can be distinguished as a guided mode, a
leaky mode, or an evanescent mode. This classification differs slightly for the plasmonic and the
photonic modes. For the plasmonic mode, we have a bound mode when the effective index’s real part
is larger than the core refractive index (B8'/ky = n¢ore)- At a large core radius a say above 2 um, we
can see that the effective index of the plasmonic mode (8/k, = 1.519 + 0.00631) is converging to a
certain value (see Figure 4a). This value is indeed closer to the effective index value of the planar
SPPs (Bp_spp/ko = 1.5328 + 0.0069i) at a planar dielectric-gold interface. We can say that at a larger
core radius a, the conical plasmonic mode behaves more like surface plasmon polaritons at a flat
surface since the fields and electron oscillations from different sides of the cylinder interact weakly.
If B'/ky < Neore» the plasmonic mode is a leaky mode. A leaky mode means that the plasmonic mode
will gradually stretch into the dielectric core. This boundary between the bound and leaky mode region
is marked with a dashed line in Figure 4a. When the effective index of the mode becomes 0, a mode
should turn into an evanescent mode. As Figure 4a shows, this cutoff never occurs for the

fundamental plasmonic mode.

Meanwhile, for the photonic modes in an aperture tip, the mode’s effective index never gets larger
than the core refractive index (B'/ky < Ncore) as it is shown in Figure 4a. This is an important
indicator showing the mode is indeed a photonic mode not a plasmonic one. The photonic mode is a
bound mode if the effective index’s real part larger than 0 (8’/k, = 0). There is no leaky mode region
for the photonic modes in aperture tips since the modes cannot leak out due to the thick metal cladding
surrounding the dielectric core. By calculating the field components at this point, we show that nothing
happens to the fundamental photonic mode when its real part of the effective index becomes 1. If the
effective index’s real part becomes 0, the photonic mode reaches the cutoff and turns into an

evanescent mode. The fundamental photonic mode experiences cutoff at a core radius a of 150 nm
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for our chosen calculation parameters. Due to the lossy metal cladding, all modes are lossy and the

propagation loss increases toward the tip aperture as it can be seen in Figure 4b.

2.4.2 Fundamental quasi x-polarized hybrid plasmonic mode in aperture tips

We discuss the properties of the HE 1, _gp;, mode that is the fundamental quasi x-polarized hybrid
plasmonic mode at the dielectric fiber core and the metal cladding interface. Here, the superscript x
denotes the mode is quasi x-polarized. Depending on the effective index value and the core radius a,
this mode experiences major changes and possesses slightly different properties in different regions.
We calculate the absolute of the electric field components (|Ey|, |E, |, and |E,|) at a core radius a of
2 um, 502 nm, and 25 nm and present them in Figure 4c-e. These positions are noted in the dispersion

curve of the mode that is illustrated in a blue line in Figure 4a.

At a core radius a of 2 pum in Figure 4¢, the mode is a plasmonic bound mode so the field maxima is
concentrated at the core and cladding interface for all electric field components. This is a typical
characteristic that is common to all types of surface plasmons. Figure 4d illustrates the fundamental

plasmonic mode at a core radius a of 502 nm that is the borderline between the bound mode and leaky
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Figure 5. Normalized absolute square of x- and z-components (dashed and solid lines, respectively) along
x-axis for the fundamental quasi x-polarized plasmonic mode. The field decay lengths (1/e of the maximum
value) are noted with blue and red circles for the electric field’s x- and z-components, respectively. For the
x-component, the field tails start to overlap. Already at the core radius a of 300 nm, one cannot calculate
the decay length in the core since the field maximum is now at the center of the core. Note, that the electric
field’s x-component is discontinuous along x-axis, but the electric flux is. Adapted from Reference 76.
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mode regions. Toward the leaky mode region (small core radius a), fields starts to stretch into the
dielectric core that can be clearly seen in the dominant x-component in Figure 4d. This change
continues to build up as the mode enters deeply into the leaky mode region with the decreasing core
radius a. At a core radius a of 25 nm in Figure 4e, the maximum field amplitude of the x-component

is at the center of the core not at the core-cladding interface as it used to be.

The power concentration shifts from the core-cladding interface to the center of the dielectric core
because the penetration depth of field intensity increases in the core for the dominant x-component.
We calculate the absolute square of electric field components (|E,|? and |E,|?) along the x-axis at
different core radiuses a and present them in Figure 5. The penetration depth is calculated in the metal
cladding and the dielectric core and noted with red and blue circles for z- and x-components,
respectively. The electric field’s x-component is plotted in a dashed line while the z-component is in
a solid line. As the core radius decreases, the penetration depth of the x-component increases in the
dielectric core and starts to overlap resulting in an increase of power at the center of the core. In
contrast, the penetration depth decreases in the core for the z-component as well as for the y-
component. Since the x-component is the dominant component for the HE ¢, _gpin mode, the total
power of the mode is majorly defined by the x-component. Having a mode profile whose power is
concentrated in the core led many to misidentify the mode as the fundamental photonic mode.!%!-1%?
Regardless of the shape of the x-component, the mode is a plasmonic mode that can be clearly seen
in the surface confined y- and z-components in Figure 4e and Figure 5. Meanwhile, as the core radius
a decreases, the penetration depth in the metal reduces slightly for all field components. This is an
important feature indicating the plasmonic mode size shrinks with the decreasing dimension of the
waveguide or the core radius a. Owing to this characteristics, the fundamental plasmonic mode can

be confined in a subwavelength metallic aperture without limitation in its size.

Besides this change in the mode’s field profile, the ratios between different field components change
with the decreasing core radius a. We calculate the field components ratios that are |E,, 12/|E|? (blue
dashed line) and |E,|?/|E,|? (blue solid line) depending on the core radius a and plot them in Figure
6. As the core radius a decreases, the y- and z-component’s field strengths decrease compared with
the dominant x-component up until a core radius a of 120 nm. This is the inflection point of the
dispersion curve where the concave-down curve changes to a concave-up curve as it can be seen in
Inset 2 in Figure 4a. With this change, the y- and z-component’s field strengths start to increase but

never becomes larger than the x-component for the fundamental quasi x-polarized plasmonic mode.
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This means that regardless of the core radius a, the x-component is the ever dominant component for
the HE {¢,_spin, mode. Since only this mode reaches the tip aperture, it defines the aperture tip’s
detection and emission characteristics. Having a dominant transverse component makes the aperture

tip mostly sensitive to the transverse field components during the detection and excitation of the near-

field 22,76,103,104

2.4.3 Fundamental quasi x-polarized hybrid photonic mode in aperture tips

Here, we discuss the properties of the HE §; mode that is the fundamental quasi x-polarized hybrid
photonic mode of aperture tips. We calculate the absolute of the electric field components (|Ex|, |E, |,
and |E,|) at core radiuses a of 2 pm, 405 nm, and 200 nm and present them in Figure 4f-h. These
positions are noted in the dispersion curve of the mode that is illustrated in a red line in Figure 4a.
From a core radius a of 2 um to 200 nm in Figure 4f-h, the HE {; mode is a bound mode whose field
profile resembles greatly that of a free space focused linearly polarized Gaussian beam.”® Unlike the
fundamental plasmonic mode that experiences massive changes in its field distributions with the
decreasing core radius a, this Gaussian-like hybrid photonic mode doesn’t change much in shape as
it propagates in the tapered waveguide. Even shortly before turning into an evanescent mode (see
Figure 4h), the mode’s field distributions are well preserved. The reason is that the photonic mode
remains a bound mode throughout the entire length of the taper while the plasmonic mode changes

from a bound mode to a leaky mode as we have discussed in Section 2.4.1.

Profiles of all field components maybe preserved for the fundamental photonic mode but not their
relative ratios, and this can be clearly seen in Figure 4f-h. We calculate the field components ratios

that are |E},|*/|E,|? (red dashed line) and |E,|*/|E,|? (red solid line) and plot them in Figure 6. As

the core radius a decreases, the y- and z-components increase in strength compared with the x-
component for the quasi x-polarized fundamental photonic mode, HE7;. This trend continues to
accumulate rapidly for the z-component until the core radius a of about 300 nm where |E,|?/|E,|?
reaches about 150. This is the inflection point where the dispersion curve changes from concave-down
to concave-up type of curve (see Figure 4a). From then on, the z-component starts to decrease in
strength, yet it still remains larger than the x-component until the cutoff that is about 1.6x at core
radius a of about 150 nm. Meanwhile, the y-component increases in strength with the decreasing core
radius a, yet never becomes larger than the x-component. This overall trend shows that the HE1
mode’s propagation in the aperture tip is akin to the focusing of a free-space Gaussian beam with high

NA objectives. As we have mentioned earlier in Section 2.3, the HE11 mode’s propagation in dielectric
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Figure 6. Field components ratios of the fundamental quasi x-polarized plasmonic (HE {¢,_gpin in blue
lines) and photonic (HE7; in red lines) modes depending on the core radius a. The maximum values of y-
and z-components are compared with that of the dominant x-component at each core radius a where
|Ey|?/|Ex|? is in dashed lines, and |E,|?/|E,|? is in solid lines. Adapted from Reference 76.

tips also has the same behavior. When a Gaussian-like beam or mode is either focused with a lens or
is propagated in any type of tapered waveguide, the longitudinal component grows in strength
compared with the dominant transverse component, depending on the NA of the lens or the core radius
a of the tapered waveguide. The key difference is, however, that the ratio of 150% can only be
achieved in aperture tips. The metal cladding forbids the leakage of the photonic mode. Thus, the
aperture tip guides the mode long enough till it reaches the evanescent mode region during which the
longitudinal field of the HE11 mode accumulates its strength. Conversely, the dielectric tips and lenses
cannot keep confining the mode. In dielectric tips, the HE11 mode turns into a leaky mode and escapes
the waveguide by changing into free space beam. For the lenses, the Gaussian beam diverges with
wider angle after it is focused by a lens escaping the confinement. With a lens focusing, the ratio is

always |E,|?/|E,|?> < 1 for the x-linearly polarized Gaussian beam ?19%-106

Lastly, it is essential to discuss the propagation loss of the fundamental photonic mode. Below a core
radius a of about 500 nm, the imaginary part of the effective index of the mode increases and becomes
2 orders of magnitude greater than that of the fundamental plasmonic mode (see Figure 4b). This
means that in this region, the fundamental photonic mode suffers from a great amount of propagation
loss. We calculate the total power decay of the fundamental photonic mode (red line) and present it in

Figure 7 in comparison with the fundamental plasmonic mode (blue line). The power decay due to
the propagation is given as P(z') = Py(z,) exp(—Z fZZO ﬁ"(z)dz). Here, the distance to virtual apex

(see the inset in Figure 7) is z = p/tan 6, and the taper angle of the tip is & = 20°. The modes are
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Figure 7. Power decay of the fundamental plasmonic (HEco-spin, blue lines) and photonic (HE;;, red lines)

modes depending on the distance to the tip’s virtual apex. The cross section of the aperture tip structure is

illustrated as an inset where it is shown that the virtual apex locates outside the tip aperture. The total power

of each mode is assumed to be unity at a core radius a of 500 nm. Adapted from Reference 76.
assumed to have a total power of unity at a core radius a of 500 nm (z, = 500 nm/ tan 20° and
Py(zy) = 1). From z, until z" where the photonic mode turns to an evanescent mode, the fundamental
photonic mode experiences propagation loss of about 9 orders of magnitude. The overall loss of the
mode has to include not only the propagation loss but also the coupling to the other modes that are
propagating in both forward and backward directions. This hints that the transmission efficiency of

the fundamental photonic mode will be less than 107 percent for an aperture tip with an aperture

diameter of 300 nm.

2.4.4 Coupling between fundamental plasmonic and photonic modes

The coupling mechanism between the photonic and plasmonic modes can be anticipated from the
dispersion curves of the modes. As we have discussed in Section 2.4.1 and shown in Figure 4a, the
dispersion curves of the modes no longer change in an adiabatic manner below the core radius a of
about 600 nm. The slopes of the curves become much steeper, and the effective indices change rapidly
over a short distance. This means that the local modes, HE11 and HEico-sp, can no longer be
approximated as the eigen modes of the tapered waveguide despite the small taper angle. Eigen modes
would be orthogonal to each other so there would be no coupling between them. However, due to this
non-adiabaticity, the orthogonality relation between the local modes is no longer valid. Consequently,
there can and should occur coupling between not only HE11 and HEico-sp local modes but also to the

other modes including the back-propagating counter parts of the individual modes.
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Here, we would like to estimate how much power can be transferred to the plasmonic mode when
there exist only the photonic mode at the beginning of the taper. To calculate the coupling efficiency
between the HE11 and HE1co-sp modes in a tapered waveguide, we use the coupled mode theory for a
nonuniform waveguides.”!9”-1% For the sake of simplicity, we only consider here the coupling
between the forward propagating fundamental photonic and plasmonic modes. The evolution of the

amplitudes of the photonic (Apy, (2)) and the plasmonic (Ay,; (z)) modes can be evaluated as

dA
Z—Z(Z) = @ploph (2)Ap1(2) = ifpn(2)Apn (2), (12a)
and
dA
(Izﬂz(Z) = @phopt (2)Apn (2) = Ifp1(2)Api (2). (12b)

Here, By, and By are the propagation constants of the photonic and plasmonic modes that can be
calculated by Equation (11) with a minus sign in front of the square root. a;_,, is the coupling
coefficient that describes the coupling strength from the mode 1 to the mode 2 and depends on the
field overlap integral and the phase matching between the modes. Thus, the coupling coefficient a4 _,,

is given as

0
W&y (gcore - Sgold)a tan( 7)

4P, (B2 — B1)

2n
&
@12(2) = jo (ﬂ E}E? + ELE2 + EzlEZZ)

Eclad p=a

do, (13)

where 6 is the taper angle. The subscripts 1 and 2 can be replaced either with ph or pl that denote
photonic or plasmonic. P, is the mode’s normalization factor given by the total time averaged power
of the mode 2, and E1? are the electric fields of modes 1 and 2. P, and E¥? can be found with
Equations (6) and (7) when A = 1. As we have mentioned in Section 2.2 , the tapered waveguide is
considered as a sequence of cylinders with an infinitesimal length and a decreasing cross section. If
the waveguide is uniform or the taper angle 6 is 0, there would be no coupling between modes and
thus the coupling coefficient would be 0. When 8 # 0, however, the two neighboring cylinders have
different cross sections so there exist discrepancies along the circumference of the conjoined cylinders.
Since field perturbations arise at the rim of the waveguide’s core, the field overlap integral is only
calculated along the circumference of the waveguide core. Furthermore, due to the discontinuity
across the boundary, the radial electric field requires some factors in the overlap integral in Equation

(13). Details of the equations are given in references 71 and 107.
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Figure 8. Absolute square of the slowly varying amplitude (]A4|?) depending on the distance to the virtual
apex z. The HE;; mode is depicted with a red line, and the HEco-spin mode is with a blue line. The tip has

a taper angle of 20°. At a core radius a = 150 nm, |Apl|2 is about 0.9x10° so the coupling efficiency is
estimated to be about 0.0001%. Adapted from Reference 76.

By using Equations (12) and (13), we calculate the absolute square of the slowly changing amplitudes
depending on the distance to the virtual apex (see the inset in Figure 7) that is calculated for the taper
angle 6 of 20°. The results are presented in Figure 8 where the amplitudes of the fundamental
photonic and plasmonic modes are plotted in red and blue lines, respectively. At a core radius a of

1 pm, the photonic mode is considered to have an amplitude Ay}, of 1 while the plasmonic mode has
. . . . 2
Ap) = 0. Since the squared mode amplitude is proportional to the total power of the mode, both |Ap1|
2 : . . .
and |Aph| represent the relative mode powers at a particular core radius a. For the plasmonic mode,
2 . . .
|Ap1| at a certain core radius a (~50 nm) shows not only the gained power but also the total

transmission efficiency of the aperture tip. As shown in Figure 8, |Ap1| is about 0.9x10° at a core

radius a of 150 nm so the coupling efficiency from the photonic mode to the plasmonic mode is

. . 2 . . .
estimated to be about 0.0001%. Meanwhile, |Aph| reduces with the decreasing core radius a due to
the propagation loss and the coupling to the plasmonic mode and eventually becomes about 10 at a
core radius a of 150 nm. From these calculations, it is clear that the transmission efficiency of the

plasmonic mode is at least 3 orders of magnitude greater than that of the photonic mode.

The plasmonic mode’s amplitude increases depending on the coupling coefficient (appp1), and there
can be different reasons for the increase of the coupling coefficient. As we have mentioned at the
beginning of the section, the coupling is inevitably due to the increased non-adiabaticity of modes
toward the tip aperture. Besides this non-adiabaticity, the imaginary part of the propagation constant

increases with decreasing core radius, and this imaginary part indicates not only the propagation loss
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of the modes but also the radiative loss. The high radiative loss, in case of our aperture tip, is
responsible for the efficient coupling between the modes.'” Furthermore, due to the tapered
waveguide geometry, there seems to occur complex effects that result in the efficient field
confinement of modes at particular core radiuses and eventually increase the coupling efficiency. For

109-112 and a constructive interference

example, there can happen a radius dependent modal resonance
between forward and backward propagating waves.!!* The modes can become resonant at a particular
core radius a as if this part of the waveguide is a locally resonant metallic nanohole.!?"!'* Metallic
and dielectric cylindrical rods are shown to exhibit resonant behaviors at different wavelengths of the
incident beam depending on their material constituents and geometrical parameters.'® 112 A uniform
cylindrical rod shows resonance at a particular wavelength that shifts toward the red spectral region
with the increasing radius of the cylindrical rod. To achieve a broad band of resonance spectrum from
one sample, one can put together many cylindrical rods with different radiuses each offering different
resonant wavelength.!'? Collectively, the sample will have a broad resonance spectrum. A more
elegant way to realize this goal would be tapering the waveguide. Different section of the tapered
waveguide have a different radius, and thus one tapered waveguide alone can act like many cylindrical
rods with different sizes.'!> Hence, a tapered waveguide offers always a local resonance regardless of
the incident beam wavelength or the material. For a fixed wavelength, a mode of the aperture tip is
inevitably to experience a local resonant effect at a particular core radius a. When such mode
resonance happens, the mode’s fields are highly enhanced resulting in an increase of the coupling
coefficient according to Equation (13). The plasmonic mode becomes resonant at a core radius a of

650 nm, and thus at this point, the amplitude increases at this point as it can be seen in Figure 8.

2.4.5 Which mode participates in the near-field interaction outside the tip

aperture?
In the previous sections, we have discussed about the properties of the fundamental photonic and
plasmonic modes and the coupling between them. Based on our analytical study in comparison with
the previously reported experimental results, we aim to determine which mode or modes play the main
role in the near-field interaction outside the tip aperture during SNOM measurements with aperture
tips. Until recently, the aperture tip’s functionality was explained with the fundamental photonic mode.
It was commonly assumed that the evanescent decay of the fundamental photonic mode is transmitted
through the tip aperture participating in the near-field interaction outside the tip aperture and

determining the aperture tip’s behavior.!'> However, there are several facts that suggest the
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fundamental photonic mode is not the main player in the near-field interaction outside the tip aperture

but the fundamental plasmonic mode. First, the circular aperture tips are known to detect?>!%%1%4 (in

collection) and excite’>76!16

mostly transverse field components in near-field measurements. For the
fundamental photonic mode, HE 7, the longitudinal z-component dominates at a small core radius a
below 450 nm. This means that if the HE §; mode determines the near-field interaction outside the tip
aperture, aperture tips should be sensitive to the z-component and thus contradicting the experimental
results presented in references 22, 103 and 104. Meanwhile, the fundamental plasmonic mode,
HE ¢, _spin» has dominant transverse field components at any core radius a as was shown in Figure
6. Thus, if the fundamental plasmonic mode participates in the near-field interaction outside the tip
aperture, the tip should excite and detect mostly the transverse field components just like what
experimental results suggest. Second, the transmission efficiency of the photonic mode is several
orders of magnitude smaller than that of the plasmonic mode. The power decay due to the propagation
loss alone is about 10 for the fundamental photonic mode at a core radius a of 150 nm. If we include
loss due to the coupling to other modes that are propagating in forward and backward directions,
scattering, and the decay in the evanescent mode region, the total loss will increase by several orders
of magnitude. Contrariwise, the transmission efficiency, including the coupling efficiency and the
propagation loss, of the plasmonic mode is estimated to be about 0.0001% at a core radius a of 150 nm.
Consequently, the fundamental photonic mode is unlikely to reach the tip aperture with a size of
about 100 nm; instead, the fundamental plasmonic mode will be excited and participate in the near-
field interaction outside the tip aperture. Last but not least, we have was shown experimentally that
the measured near-field of an aperture tip is better explained with the fundamental plasmonic mode.”®
Polarization resolved near-field images of aperture tips were obtained and correlated with the different
field components of the plasmonic and photonic modes. By comparing both the pattern and intensity
ratios, it was concluded that the near-field of an aperture tip is best explained with the fundamental

plasmonic mode.

2.4.6 Influence of the cladding metal type

So far, our analytical calculations are made for aperture tips with gold claddings so based on them,
we made our conclusion in the previous section. However, we would like to stress that our conclusion
remains valid for aperture tips with different metal claddings such as silver or aluminum. The
fundamental plasmonic mode reaches the tip aperture and participates in the near-field interaction

outside the tip aperture regardless of the metal cladding type. To demonstrate our claim, we performed
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the same calculations as we have done in Section 2.4.1. Parameters used in this calculation are a core

refractive index of ncore = 1.4535, a laser vacuum wavelength of A, = 784 nm, a silver refractive index
(d) = +V-2375+1.78i ,
I’laluminum(/lo) = \/— 6344 + 4395l

of  msilver and an aluminum refractive index of

We calculate the dispersion relations of the fundamental plasmonic (blue lines) and photonic (red
lines) modes for aperture tips with silver (solid lines) and aluminum (dashed lines) cladding and
present the results in Figure 9. The real and imaginary parts of the effective indices are presented in
Figure 9a and b, respectively. Inset 1 in Figure 9a illustrates the structure that is a dielectric cylinder
with a core radius a and an infinitely large metal cladding. Inset 2 in Figure 9a shows the close-up
region where the plasmonic bound modes turn into leaky modes by having real parts of the effective
indices smaller than the core refractive index. The results presented in Figure 9 are very similar to the
ones we have already shown in Figure 4 in Section 2.4.1. Based on these results, we can make three
general conclusions. First, the fundamental photonic mode always experiences cutoff before reaching
the tip aperture, typically at 100 nm in diameter, regardless of the cladding metal type. Second, the
fundamental plasmonic mode does not experience cutoff and thus can reach all the way to the tip

aperture. Third, the imaginary part of the effective index increases for the photonic mode toward the
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Figure 9. (a) Effective indices’ real parts for the fundamental plasmonic (HE;co-spin, blue curve) and
photonic (HE11, red curve) modes depending on the core radius a. Inset 1 illustrates the waveguide structure
that has a dielectric core with a radius of @ and an infinitely large metal cladding. Meanwhile, Inset 2 shows
the region where the plasmonic mode changes from a bound mode to a leaky mode. (b) Effective indices’
imaginary parts for the fundamental plasmonic (blue dashed curve) and photonic (red dashed curve) modes
depending on the core radius a. The dispersion relations of silver and aluminum tips are plotted in solid
and dashed lines, respectively. Parameters used in the calculation are a core refractive index of

Neore = 1.4535,

siver(Ag) = V-23.75 4+ 1.78i, and an aluminum refractive index of #auminum(A9)= V- 63.44 + 43.95i.
Adapted from Reference 76.

a laser vacuum wavelength of A, = 784nm, a silver refractive index of
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tip aperture and eventually becoming larger than that of the plasmonic mode. This means that due to

the propagation loss, the photonic mode is highly likely to die off before reaching the tip aperture.

The cladding metal type, however, influences the plasmonic mode’s characteristics and the
transmission efficiency of the aperture tip. If we look at the effective indices of the plasmonic mode
in an aluminum tip (blue dashed curve) and in a silver tip (blue solid curve) in Inset 2 in Figure 9a,
the effective index of the plasmonic mode in the aluminum tip becomes smaller than the core
refractive index at a larger core radius a than the silver tip. This means that the plasmonic mode in the
aluminum tip turns into a leaky mode earlier than that of the silver tip. The reason of such behavior is
that aluminum exhibits poor plasmonic effect toward the red spectral range, and our calculation
wavelength is 784 nm. Furthermore, aluminum is highly lossy at this wavelength so the propagation
loss of the photonic mode is expected to be significantly larger than the aperture tips with silver or
gold claddings. We calculate the propagation loss of the fundamental photonic mode as we did in
Figure 7. When the power decay is calculated from the core radius a of 500 nm to 50 nm for a taper
angle of 20°, the power decay of the photonic mode is about 10° while plasmonic mode has about
10°. Meanwhile, the permittivity of the silver is quite close to that of the gold so the propagation

losses of the modes in silver tips is in a similar range to that of the gold tips.

Summarizing Section 2.4 , we would like to stress once more that the aperture tips are plasmonic in
nature contrary to the previous SNOM paradigm. The fundamental plasmonic mode, not the photonic
one, reaches the tip aperture participating in the near-field interaction and determining the excitation
and detection behaviors of the tip. Our conclusion may be obvious if we think of the nature of light as
photonic modes or beams are reluctant to be squeezed into subwavelength region due to the diffraction
limit. As soon as the photonic mode is confined enough in the aperture tip, it escapes the confinement
either through loss or reflection. Meanwhile, the plasmonic fields are naturally confined in transverse
axis perpendicular to the propagation axis so as the waveguide dimension shrinks, the plasmonic mode

size reduces in size adapting to the structure.

2.5 Plasmonic tips

In this section, we will discuss the plasmonic tip that is a tapered and fully metal-coated fiber as shown
in Figure 1c. Before we start analyzing modes in the plasmonic tip, it is good to remind oneself of the

assumptions that were discussed previously in Section 2.2 . In the first assumption, we considered that
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the metal cladding thickness is thick so the third medium can be neglected when calculating modes.
For example, the surrounding medium was not considered when we calculate the photonic and
plasmonic modes in aperture tips. This assumption is still valid for plasmonic tips since the coating
thickness d is about 50 — 100 nm while the penetration depth of fields is no greater than 20 nm. Hence,
the photonic mode within the tapered fiber core and the plasmonic mode on the gold-surrounding
medium interface are weakly coupled in plasmonic tips so we can consider the photonic and plasmonic
modes separately and describe their interaction in the framework of a perturbation theory. The
photonic mode is analyzed in a cylindrical waveguide with a dielectric fiber core and an infinitely
large metal cladding. Meanwhile, the plasmonic mode is obtained in a cylindrical waveguide with a
metallic core and an infinitely large dielectric cladding (surrounding medium). With this assumption
in mind, we proceed with our analysis. In Section 2.5.1, we first discuss the plasmonic modes on the
outer metallic layer neglecting the dielectric fiber core. Here, we will show that the radially polarized
plasmonic mode (E,,0, E,) is crucial for the operation of the plasmonic tip. Under the weakly coupled
modes assumption, we study the resonant excitation of the radially polarized plasmonic mode by the
radially polarized photonic mode in Section 2.5.2. In Sections 2.5.1 and 2.5.2, the plasmonic tip is
considered to be in air so the surrounding medium’s refractive index is ng,. = 1.0. Since the
plasmonic mode is at the metal-surrounding medium outer interface, it is strongly influenced by the
surrounding medium change. We consider different surrounding media and their influences on the
coupling efficiency and the plasmonic mode in Section 2.5.3. Calculation parameters in this section

are a fiber refractive index of ngpe =1.4474% a  gold refractive index of

Ngo1a(Ao) =V-20.95 + 1.68i,'” and a laser vacuum wavelength of 1o= 784 nm.

2.5.1 Conical plasmonic modes on the outer metallic surface of plasmonic tips

In this section, we consider a gold conical waveguide structure in a dielectric surrounding medium to
analyze conical surface plasmonic (Co-SP) modes at the outer gold surface of a plasmonic tip. The
inset in Figure 10a illustrates the cross section of the waveguide structure. To distinguish plasmonic
modes from photonic modes within the tapered fiber, we denote the plasmonic modes as vCo-SP
where v is the azimuthal mode number. We use equations (6) and (7) to find the dispersion relations

of the plasmonic modes. In these equations, the transverse wavevectors are given as { =

, B? — kgegold and y = /k3&sur — B% where the core and cladding dielectric constants are & =

Egold and &; = &gpr. For calculating dispersion relations of HE (v # 0) and TM (v = 0) modes, we
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Figure 10. (a,b) Effective indices of conical plasmonic modes on the outer surface of the plasmonic tip
depending on the plasmonic tip’s radius b. The real (a) and imaginary (b) parts are in solid and dashed
lines, respectively. The inset in (a) shows the waveguide structure that has a gold core (ngo1q) with a radius b
and an infinitely large dielectric cladding or the surrounding medium (7). The fundamental and radially
polarized plasmonic mode is labelled as TMoco-sp and is plotted in blue. The higher order hybrid quasi x-
polarized plasmonic modes are labelled as HE J¢,_sp, HE 3co_sp, and HE 3, _gp that are plotted in orange,
magenta, and green, respectively. Each mode’s transverse electric field distribution (Re[E, ]) is calculated
ata tip radius b of 1.5 pm and included as an inset in (b). The yellow arrows point the electric field vector’s
direction.

use Equation (11) with a minus sign in front of the square root in Section 2.2 . This equation describes
the dispersion relations of the HE type of modes that have the transverse magnetic nature, and thus it

is suitable for expressing the plasmonic modes.

Dispersion relation. First, we calculate the effective indices of the 4 lowest order conical plasmonic
modes as a function of the tip radius b and plot the results in Figure 10. The effective indices’ real
and imaginary parts are shown in Figure 10a and b, respectively for the TMoco-sp (blue), HEico-
sp (orange), HE2co-sp (magenta), and HE3co-sp (green) modes. The insets in Figure 10b show the
transverse electric field (Re[E, ]) profiles of these 4 lowest order modes. The electric field’s real part
is calculated at a tip radius b of 1.5 um for each mode, and the yellow arrows show the transverse

electric field’s vector direction.

The inset in Figure 10b shows that the fundamental plasmonic mode (TMaoco-sp) is radially polarized
and has no azimuthal variation. As the fundamental plasmonic mode propagates toward the tip apex,
its effective index (both the real and imaginary parts) increases without experiencing mode cutoff.
The increase of the effective index’s real part means that the phase velocity of the mode decreases,
and the oscillation period or the effective wavelength of the mode shrinks toward the tip apex. Hence,
the TMoco-sp mode can reach all the way to the tip apex while shrinking in mode size in longitudinal

direction (along z-axis). Furthermore, since the fundamental plasmonic TMoco-sp mode is radially
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polarized, the electric field vector is symmetric around the tip axis (z-axis). For this reason, the TMoco-
sp mode is sometimes called symmetric mode.®” When such plasmonic electric fields reach the tip
apex, the fields interfere constructively creating a strong longitudinal field (E;, = E;) along the tip
axis. Therefore, there occurs two interesting effects to the TMoco-sp mode, those are the shrinking
effective wavelength and the increasing longitudinal field strength during the propagation toward the
tip apex. These two features enable the mode to be confined at a subwavelength apex without any
restriction in its geometrical size. As a whole, this phenomenon is called plasmon superfocusing.’’’
One drawback here is that the mode becomes more lossy toward the tip apex as it can be seen in
Figure 10b. So the propagation loss effect competes with the field enhancement due to the shrinking
size and also the superfocusing effect. The TMoco-sp mode can be excited resonantly by a radially
polarized photonic mode within the core of the tapered fiber where the decreasing tip radius b enables

the phase matching between the modes. This resonant excitation process will be discussed later in

Section 2.5.2.

Meanwhile, the higher order hybrid quasi x-polarized plasmonic modes (HE {¢,_gp, HE 3¢o_gp, and
HE%.,_sp) are shown as insets in Figure 10b. Contrary to the fundamental plasmonic mode, their
effective indices (both real and imaginary parts) decrease as the tip radius b decreases. More
importantly, their effective indices’ real parts approach the refractive index of the surrounding
medium that is ng,» = 1 at different tip radiuses of b. This means that these higher order plasmonic
modes experience cutoff at different tip radiuses of b and radiate out of the plasmonic tip becoming
free space beams. The lower the mode order is, the closer the mode propagates to the apex. Thus, the
HEco-sp mode reaches closest to the tip apex, at a tip radius b of 53 nm for our chosen tip parameters.
If the plasmonic tip has an apex size greater than 106 nm, the HE1co-sp mode can exist near the tip
apex along with the TMoco-sp mode. However, as it can be seen in the inset in Figure 10b, this higher
order hybrid mode has an asymmetric field distribution meaning that if it reaches the tip apex, the
plasmonic fields will interfere destructively at the apex. We can, thus, anticipate that the HEico-
sp mode probably does not participate in the near-field interaction at the tip apex. In general, even
higher order plasmonic modes have symmetric field vectors while the odd ones are asymmetric as it
can be seen in the inset in Figure 10b. Since the higher order modes other than the HE1co-sp mode
cannot reach close enough to the apex of a typical plasmonic tip (< 200 nm), their field vectors’

symmetry is not of interest to us.
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Figure 11. (a) Penetration depth of fields in a gold core (solid lines) and in a surrounding medium cladding

(dashed lines) depending on a tip radius b. The penetration depth is calculated for the absolute square of

the electric field’s z-component (|E.|*). We consider only two lowest order modes, TMoco-sp (blue) and

HEco-sp (orange) since they are likely to exist at the tip apex for a tip with apex size of about 100 nm. (b)

Absolute of the electric field’s z-component (|E-|) of the TMoco-sp mode at a tip radius b of 1 um (left) and

25 nm (right). (¢) Absolute of the electric field’s z-component (|E:|) of the HEco-sp mode at a tip radius b

of 1 pm (left) and 53 nm (right). The penetration depth increases in the core for the TMoco-sp mode and thus

starts to overlap in the metal core. Meanwhile, it is never the case for the higher order modes. The

penetration depth decreases in the surrounding medium as the tip radius decreases meaning that the mode

size shrinks with the structure dimension for both modes.
higher order hybrid modes can be excited with respective hybrid photonic modes within the tapered
fiber core. For example, the HE {,_sp plasmonic mode can be excited with the HE f; photonic mode
that is the Gaussian-like fundamental photonic mode in the fiber core of the plasmonic tip. We will
not discuss the excitation process of these hybrid plasmonic modes in detail since we are only
interested in the fundamental and radially polarized plasmonic mode (TMoco-sp) that possesses the

superfocusing capability.

The dispersion relations of the plasmonic modes give us the general understanding of the plasmonic
modes in the plasmonic tips. To understand each mode in more detail, we take a look at the evolution
of the field’s penetration depth and field components’ ratios during the propagation toward the tip

apex.

Penetration depth of fields. Next, we calculate the penetration depth of the electric field’s z-
component (£:) in the gold core (solid lines) and in the surrounding medium cladding (dashed lines)
depending on a tip radius b and plot the results in Figure 11a. We choose the electric field’s z-
component because of its continuity over the metal-surrounding medium boundary. The penetration
depth of a field is defined as the radial distance from the tip radius b to the point where |E- (p = b)?
decreases by 1/e. We consider the fundamental TMoco-sp (blue lines) mode and the 1% order hybrid

HEco-sp (orange lines) mode since the hybrid higher order plasmonic modes behave in similar manner.
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As both plasmonic modes propagate toward the apex, the penetration depth in the surrounding medium
(dashed lines in Figure 11a) decreases with decreasing tip radius b. This means that the mode sizes
of these plasmonic modes shrink with the decreasing structure dimension. Besides the longitudinal
confinement, due to the increasing effective index of the TMoco-sp mode (blue line in Figure 10a)
towards the tip apex, this shrinking size of the TMoco-sp mode in transverse axis allows the
electromagnetic field to be confined at the tip apex without restriction on the tip radius b. Contrary to
the 3D confinement of the TMoco-sp mode in the plasmonic tip, the fundamental photonic mode in
dielectric tips expands more and more and eventually escapes the waveguide with the decreasing tip
size as we have discussed in Section 2.3. This difference highlights the advantange of plasmonic
modes with their the ability to be confined in subwavelength region without limitation in

dimension. %117

Meanwhile, the penetration depth in the gold core behaves quite differently for the TMoco-sp (solid
blue line) and HE ¢, _gp (solid orange line) modes as it can be seen in Figure 11a. To illustrate this
difference, we calculate the electric field profile (|Ez|) of the TMoco-sp mode at a tip radius b of 1 um
(left) and 25 nm (right) and show the results in Figure 11b. As the tip radius b decreases, the
penetration depth in the gold core increases for the TMoco-sp mode and starts to overlap resulting in
the field enhancement in the core. The enhanced field will drive the free electron oscillations harder
along the tip axis in the gold core, and thus the plasmonic field is enhanced even more. Owing to this
process, there occurs the plasmonic superfocusing effect: the field is confined both longitudinally and
transversally, and the field amplitude is enhanced due to the decreasing tip radius b towards the tip
apex and also the in-phase free electron oscillations in the metal core all around the tip radius.”’ > As
it can be seen in Figure 11a, the superfocusing effect happens close to the tip apex where the tip
radius b is below 40 nm for our calculation parameters. With the increasing laser operation
wavelength, it is expected that this threshold tip radius b will increase since the effective size of the
apex compared with the wavelength will be small. The transverse fields of the TMoco-sp mode,
however, do not overlap in the gold core, and the penetration depth of transverse fields decrease
slightly towards the tip apex avoiding overlap of fields in the core. Meanwhile, Figure 11¢ shows the
electric field profile (|Ez|) of the HE,_sp mode at a tip radius b of 1 um (left) and 53 nm (right).
Contrary to the fundamental TMoco-sp mode, the penetration depth of fields in the gold core increases
only by a small amount near the tip radius b of 100 nm and then decreases until the mode experiences

cutoff. Not only do the fields destructively interfere at the tip apex due to the field vector’s asymmetry,
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Figure 12. Longitudinal to transverse field ratios
(ENEL») of TMocosp (blue), HEXo,_gp (orange),
HE}.,_sp (magenta), and HE%.,_sp (green) modes.
Except for the fundamental plasmonic mode, the
longitudinal field strength weakens compared with the
transverse one for all higher order hybrid modes.
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the fields do not overlap in the core and amplify the electron oscillation for the HE J¢,_gp mode.

Therefore, the superfocusing effect doesn’t occur for higher order hybrid plasmonic modes. This is
the reason why the radially polarized fundamental TMoco-sp mode is crucial in the plasmonic tips’

operation.

Field components ratios. Last but not least, we calculate the ratios between maximum of the
longitudinal (E; = E) and transverse (E;, = \/E,?TE}%) fields of different modes and plot the results
in Figure 12. As we showed in the previous part, the longitudinal field is important in achieving the
superfocusing effect in the plasmonic tip’s. Hence, the increase of the longitudinal field will enhance
the superfocusing effect. As Figure 12 shows, the longitudinal field of the TMoco-sp mode (blue)
increases as the tip radius b decreases. At a tip radius b of 25 nm, the longitudinal to transverse field
intensity ratios (|E;*/|E_|*) reaches 0.1. The ratio continues to increase with decreasing tip radius b,
and at a tip radius b of 5 nm, it reaches 0.71. However, we have to keep in mind that our analytical
calculation should not be used in the very near vicinity of the tip apex since the analytical model does
not consider the roundness of the tip apex. At the very front of the tip apex, it is expected that only
the longitudinal field remains due to constructively interfering plasmonic fields.®”-!!7-!!° The finite
difference time domain (FDTD) analysis has demonstrated that at the apex of the plasmonic tip, there
exist only the longitudinal field.!'®?° The strength of the longitudinal field is thus underestimated
with our modal analysis. Despite this fact, we can conclude that when the plasmonic tips are used as
a local probe or a detector, the tip is mostly sensitive to the longitudinal field. This characteristic is
vastly different from the aperture SNOM tips that are mostly sensitive to the transverse field

components as we have discussed in Section 2.4 76103104

Meanwhile, for HEY.,_sp (orange), HE}-,_sp (magenta), and HE3.,_sp (green) modes, the
longitudinal field decreases in strength compared with the transverse components and reaches a

minimum at the mode cutoff radius as it can be seen in Figure 12. Experiencing mode cutoff means
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that these higher order modes are slowly turning into free space beams which usually have extremely
weak longitudinal field when not being focused. Hence, this trend of decreasing longitudinal field
strength is a natural consequence of the mode cutoff. Furthermore, the lowest order hybrid mode,
HE ¥, _sp, can reach near the tip apex if the tip apex (tip diameter) is larger than 100 nm. In this case,
the plasmonic fields of the HE,_gp mode can interfere destructively at the apex due to the field
asymmetry (see the inset in Figure 10b).-!1%!11° Thus, the longitudinal field strength is expected to

be smaller than what we estimate in Figure 12.

In general, one can conclude that the fundamental plasmonic mode’s behavior is drastically different
in many aspects compared with the other higher order plasmonic modes. The fundamental plasmonic
mode is the superfocusing mode that can be confined to a small space by having a decreasing
propagation constant and modes size and increasing longitudinal field amplitude with decreasing tip
radius b. Owing to the superfocusing effect, the plasmonic tip has the potential to have superior optical
and topographic resolutions compared with scattering SNOM tips or aperture SNOM tips once the tip
parameters are optimized. Consequently, we aim to excite this fundamental and radially polarized

plasmonic mode. The excitation process is discussed in next section.

2.5.2 Resonant excitation of the radially polarized plasmonic mode in

plasmonic tips
In this section, we will discuss the resonant excitation of the radially polarized plasmonic mode which
has the superfocusing capability. Figure 13a illustrates the plasmonic tip and the resonant coupling
process between the fundamental and radially polarized plasmonic mode (TMoco-sp, blue) and the
radially polarized photonic mode (red). The resonant coupling between the radially polarized photonic
and plasmonic modes requires two conditions: nonzero field overlap integral and phase matching.
First, to achieve a nonzero field overlap integral, we have to employ the same radially polarized
photonic mode in the tapered fiber as an excitation source. We need the TMo1 mode in the tapered
fiber. It is the lowest order radially polarized photonic mode in the fiber core so it can propagate
closest to the tip apex and thus reducing the propagation length of the plasmonic mode. Second, the
phase matching is achieved with the tapering of the waveguide. The effective indices of the photonic
and plasmonic mode change with the decreasing radius of the waveguide in an opposite manner. When
the radially polarized photonic mode propagates in the tapered fiber core, its effective index decreases
with the decreasing core radius a. The opposite happens to the fundamental plasmonic mode; its

effective index increases with decreasing tip radius b. At a certain tip radius b, these dispersion curves
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Figure 13 (a) Illustration of the resonant coupling process with the plasmonic tip. The radially polarized
photonic mode (TMy,) is in a red line, and the radially polarized plasmonic mode (TMyco-sp) on the outer
surface of the plasmonic tip in a blue line. (b) Real parts of effective indices (8'/k,, dashed lines) and
absolute squares of the slowly varying amplitudes (4, solid lines) for the TMy; (red) and TMyc,.-sp (blue)
modes depending on the distance to the apex z or the tip radius b. These value are calculated for the gold
coating thickness d of 100 nm and a taper angle 8 of 20°. The coupling amplitude of the TMyc,-sp mode is
estimated to be 0.084, and the coupling efficieny (|Ap|?) is 0.7%. Adapted from Reference 69.

meet and intersect meaning that the modes are phase matched at this point. Consequently, some of the
photonic mode’s power transfers evanescently to the plasmonic mode. We can demonstrate this
process by calculating the dispersion relation curves and the coupling amplitudes of the radially

polarized photonic and plasmonic modes depending on the tip radius b.

The radially polarized plasmonic mode (TMoco-sp) is already calculated and analyzed in Section 2.5.1.
We need to do the same calculation for the radially polarized photonic mode (TMo1) in the fiber core
of the plasmonic tip. As we have mentioned at the beginning of this section, we will consider the
photonic and plasmonic modes in the plasmonic tip as weakly coupled. Consequently, the photonic
mode is calculated in a cylindrical waveguide with a dielectric fiber core and an infinitely large metal
cladding. To find the dispersion relations of the radially polarized photonic mode (TMo1) in the fiber
core, we use Equation (11) with a minus sign in front of the square root where the azimuthal mode
number is v = 0. We also use equations (6), (7), and (9) for calculating the field components of the
TMo1 mode. In these equations, we have the core and cladding dielectric constants of & =

Efiber ANd €, = Ego14, Tespectively. Thus, the transverse wavevectors in the core and the cladding are

{ =+B? — ki&tiper and y = ’késgold — 2. For the photonic mode, the dispersion relation are found

depending on the fiber core radius a. The tip radius b and the core radius a are related through the

coating thickness d as b = a + d.

We calculate the real part of effective indices (f8'/k,, dashed lines) of the radially polarized photonic

(TMo1 in red) and plasmonic (TMoco-sp in blue) modes with their respective parameters. The effective
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indices are plotted in Figure 13b depending on the distance to the tip’s virtual apex z and the tip
radius b. The distance to the tip virtual apex z (along tip axis) is calculated with the tip radius b as
z = b /tan @ for a taper angle of 6 of 20~ and a gold coating thickness d of 100 nm. As we can see
in Figure 13b, the effective indices of the modes cross near the tip radius b of 700 nm, and thus we
can expect that the resonant coupling will take place at this point. This resonant coupling point
depends on the laser operating wavelength, the coating metal type, and the coating thickness. For a
longer wavelength, the mode cutoff shifts to a larger tip radius b so we can anticipate that the resonant
coupling point will also move to the larger tip radius b. If the gold coating thickness d decreases say
smaller than 100 nm, the dashed red curve in Figure 13b will shift to the left while the plasmonic
mode’s dispersion curve remains at the same position. This is due to the dispersion curve of the
photonic mode which is calculated at a different core radius a and then plotted against the tip radius
b = a + d by adding the gold coating thickness d. Consequently, we can foresee that the phase
matching point shifts to the smaller tip radius b with decreasing gold coating thickness d. This shift
of the phase matching point influences the coupling efficiency between the radially polarized photonic

and plasmonic modes. We will discuss this effect in Sections 2.5.3 and 2.5.4.

When the phase matching occurs, some of the power of the photonic mode transfers to the plasmonic
mode. By using the weakly coupled mode theory, we can calculate this transferred power from the
photonic mode to the plasmonic mode or vice versa. Slowly varying amplitudes of the photonic

(App(2)) and plasmonic (4, (2)) modes at given z can be estimated with the following coupled wave

equation
da -
3*;(2) = i§,, Apn(2) — iNpidpi(2) exp(—i—'ﬁ ) f "h(Z)'Z) (14a)
and
—dAZIZ(Z) = ifplACO—SP(Z) — inppApn(2) EXP<—i—|BPl(Z) _Zﬁph(ZNZ)- (14b)

Here, S,, and [, are the propagation constants of the photonic and plasmonic modes, respectively.
Furthermore, py, is the power of the photonic mode in the metal region and &, is the power of the
plasmonic mode in the tapered fiber core region. Meanwhile, npy, and 1, are the coupling coefficients
of the photonic and plasmonic modes. Equation (14) describes the rate of change of the mode
amplitude along z axis for the plasmonic and photonic modes based on their phase matching condition

and non-orthogonality. Note that the metal loss is neglected in these calculations since it is expected
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that the loss will not significantly affect the coupling efficiency calculation. Further details of the

equations and their derivations are available in Reference 68.

The slowly varying amplitudes (solid line) of radially polarized photonic (red) and plasmonic (blue)
modes are calculated and plotted in Figure 13b depending on the tip radius b and the distance to the
virtual apex z. We consider the photonic mode amplitude (4p,(b = 1.4 um) = 1) is 1 at a tip radius b of
about 1.4 um while the plasmonic mode amplitude (4p (b = 1.4 pm) = 0) is 0. As we have mentioned
earlier, the effective index curves of both modes intersect at a tip radius b of about 700 nm. At this
phase matching point, some power of the photonic mode is resonantly transferred to the plasmonic
mode at the outer surface of the tip. Hence, the amplitude of the photonic mode decreases while that
of the plasmonic mode increases. For our calculation parameter, we estimate that the plasmonic mode
amplitude (4p) is about 0.084 after the coupling. Since the absolute square of the slowly varying
amplitude is proportional to the power of the mode, the absolute square of the plasmonic mode
amplitude (]4p|?) is proportional to the gained power or the coupling efficiency. Thus, we estimate
that the total coupling efficiency of the plasmonic mode is about 0.7% for a gold coating thickness d

of 100 nm.

2.5.3 Influence of the coating thickness on the coupling efficiency

The coupling efficiency depends on the coating material, the coating thickness d, the taper angle 6,
the laser wavelength A, and the surrounding medium’s refractive index nsurr. Here, we would like to
observe the change of the coupling efficiency depending on the gold coating thickness d. To do so,
we calculate the coupling amplitude (Ap;(zy)) of the plasmonic mode by the photonic mode at the
phase matching or the resonant coupling point of z, where Sp; — fpr, = 0. The solution of Equation

(14) can be well approximated to Landau-Zener formula to estimate the coupling amplitude as

62
Api(z0) =1 - eXp(—Zn;). (15)

Here, 82 = npy, * np is the coupling constant that is described by the overlap integral of the individual

mode’s field profile. Having a large coupling constant (§%) means that the coupling between the modes

d|Bp1—Bpnl

are efficient. Moreover, v =
dz z=2,

describes the rate of change of the propagation constant

(B) difference with respect to z. The smaller the v parameter is, the longer the interaction length is for
the photonic and plasmonic modes, and thus higher the coupling efficiency. Consequently,

Equation (15) calculates the coupling amplitude (Ap;(z,)) based on the overlap of fields as well as the
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Figure 14 (a) Coupling efficiency of the TMy; mode to the TMyco-sp mode depending on the gold coating
thickness d of the plasmonic tip. We apply a logarithmic scale to the vertical axis to enhance the visibility
of the region above the gold coating thickness d of 70 nm where the most dynamic and fast increase of the
coupling efficiency occurs. (b) Sensitivity to the coating thickness change depending on the coating
thickness d. These values are calculated for a taper angle 8 of 20° and a surrounding medium with ngyy = 1.
Below the gold coating thickness d of 70 nm, the coupling efficiency becomes over 98%, but its increment
with the decreasing coating thickness d is slow and minor.

interaction (phase matching) between the photonic and plasmonic modes for given parameters of the
plasmonic tip. The coupling efficiency is proportional to the increased power of the mode and thus is
comparable to the square of the coupling amplitude, which is A3,(z,). Since the coupling efficiency
is given in percentage, it is given as A%,(z,)*100%. Further details of Equation (15) can be found in
Reference 68.

We calculate the coupling efficiency depending on the coating thickness d and show the results in
Figure 14a. At a gold coating thickness of 50 nm, we obtain a plasmonic mode’s coupling efficiency
of about 99%. In general, the coupling efficiency becomes higher than 98% below a gold coating
thickness of 70 nm so we can say that the coupling efficiency nearly saturates below this coating
thickness as can be seen in Figure 14a. For a thick coating thickness d (> 75 nm), the coupling
efficiency reduces dramatically with faster rate. As we have shown in Figure 13b and Figure 14a,
the coupling efficiency is as small as 0.7% for the coating thickness d of 100 nm. However, this value
is still larger than that of the aperture SNOM tips (the light transmission efficiency < 0.0001%) that
is discussed in Section 2.4.4. This signifies one of the many advantages of plasmonic tips that is the

efficient power conversion from the far-field to near-field compared with other SNOM tips.

In addition to the coupling efficiency depending on the coating thickness d, we can estimate how
much the coupling efficiency will change if the coating thickness d changes by 1 nm. We name this
parameter plasmonic tip’s sensitivity to the coating thickness change, and it is calculated as
0A2,(d)/0dx100%. We are interested in this parameter because this number can imply the possibility
to change the plasmonic tip’s emission not only due to the coating thickness change but also due to

the surrounding medium change. Having a low sensitivity to the change of the coating thickness and
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a large coupling efficiency means that the tip emission can only be altered by an insignificant amount.

Hence, we can say plasmonic tips with such parameters are bad candidate for sensing applications.

The sensitivity to the change of the coating thickness is calculated and shown in Figure 14b as a
function of the coating thickness d. We estimate that the sensitivity to the coating thickness change is
10"11% per nm for a coating thickness d of 60 nm. This means that when the coating thickness d of a
plasmonic tip is around 60 + 1 nm, the coupling efficiency can differ by 107''%, which is an
insignificant amount of change to detect. Thus, despite having a coupling efficiency above 98%, the
increase of the coupling efficiency happens slowly and weakly below a coating thickness d of 70 nm
as can be seen in both Figure 14a and b. Above a coating thickness d of 70 nm, however, the increase
of the coupling efficiency is dynamic and strong. The sensitivity to the coating thickness change
reaches as high as 7.93% per nm at a coating thickness d of 78 nm. Furthermore, the coupling
efficiency is about 7.45% that is much smaller than the saturation level of 100%. Hence, we can
anticipate that a plasmonic tip with a coating thickness d of > 70 nm is a good candidate for
experiments where the tip emission is manipulated by some means, such as by changing the

surrounding medium. We will discuss this matter in next section.

We can also increase the coupling efficiency further by reducing the taper angle 8. Although the
coupling efficiency increases with the decreasing coating thickness d and the taper angle 8, there can
occur parasitic effects such as direct tunneling of light through the metal layer or multiple back and

forth coupling of the photonic and plasmonic modes.

2.5.4 Influence of the surrounding medium on the coupling efficiency

For the given tip parameters of the plasmonic tip on page 37, the coupling efficiency of the plasmonic
tip can be manipulated by simply changing the surrounding medium. We calculate the coupling
efficiency with Equation (15) for different surrounding media and normalize it by the value that is in
air. We call this new parameter the coupling enhancement factor. As the name suggests, the coupling
enhancement factor shows an increase of the coupling efficiency due to the surrounding medium
compared with air. Figure 15a shows the calculated coupling enhancement factor versus the
surrounding medium’s refractive index. For a coating thickness d of 100 nm, the coupling efficiency
is estimated to be 0.7% for nsur = 1.0 and 3.89% for nsurr = 1.3 so the coupling enhancement factor is
estimated to be 5.55x in a medium with nsur=1.3. It is important to note here that such large

enhancement factor is only possible when the coating thickness d is sufficiently large. In the previous
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Figure 15. (a) Coupling enhancement factor of plasmonic tips depending on the surrounding medium
refractive index ng.r. The coupling enhancement factor shows the increase of the coupling efficiency due
to the surrounding medium compared with that of the air. The coating thickness d of 100 nm is considered
for both cases. (b) Transverse magnetic field profile along radial axis in surrounding medium of ngy; = 1.0
(dashed line) and ngr = 1.3 (solid line). (c) Real parts of the effective indices of the radially polarized
waveguide (TMoi,wg, black) and plasmonic (TMoco-sp) modes in surrounding medium of ngr= 1.0
(magenta), ngur = 1.3 (green), and nqr = 1.71 (orange). The insets 1 and 2 shows the close-up of the phase
matching regions. (d) Conversion efficiency enhancement of a plasmonic tip depending on the refractive
index of the surrounding medium. The conversion efficiency is the total power delivered to the plasmonic
tip apex from waveguide mode within the tapered fiber at the coupling point. Thus, it includes both the
coupling efficiency and the propagation loss from the coupling point to the tip apex. Adapted from

Reference 121.

section, we showed that when the coating thickness d is below 70 nm, the coupling efficiency is

already 98%, and it only slightly increases with the change of the coating thickness d. Since the

coupling efficiency is already close to the saturation level of 100%, and the change is miniscule, there

is not much room to increase it further by any measureable amount. Hence, we choose the coating

thickness d of 100 nm for which the coupling efficiency is 0.7%. This thick coating thickness allows

us to have a high dynamic range in manipulating the coupling enhancement factor with the refractive

index of the surrounding medium #sur.

According to Equation (15), the coupling enhancement factor is influenced by two parameters § and

v, which describe the field overlap integral and the change rate of the effective index difference near
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the phase-matching region, respectively. We would like to look at each parameter and study its trend
depending on the refractive index of the surrounding medium #zsurr. First, we analyze the influence of
the surrounding medium on the field overlap integral. Since the field overlap integral depends on the
field’s penetration depth, we calculate the transverse magnetic field (H,(p)) of the plasmonic mode
(TMoco-sp) along the radial axis by using Equations (6f) and (7f). The real part of the magnetic field
(Re[H,(p)]) is plotted in Figure 15b where the surrounding medium has a refractive index of
nsurr = 1.0 (solid line) and nsurr = 1.3 (dashed line). As shown in the Figure 15b, the field’s penetration
depth in the metal reduces by 2.6 nm when the surrounding medium changes from zsur= 1.0 to
nsur = 1.3. Due to this decrease of the field’s penetration depth in the metal, the field overlap integral

(parameter 8) decreases as well as the coupling efficiency.

Second, we take a look at the dispersion curve of the plasmonic mode in different media to see the
influence of the surrounding medium on the rate of change of the effective indices’ difference
(parameter v). We calculate the effective indices of the TMoco-sp mode in a surrounding media with
refractive indices of nsur = 1.0 (magenta), nsur = 1.3 (green), and nsurr = 1.71 (orange). The results are
presented in Figure 15¢ where the insets show the close-ups of the phase-matching regions in a
surrounding medium of air and a medium with zsur = 1.3. As the surrounding medium’s refractive
index increases, the effective index of the plasmonic mode increases, and thus the dispersion curve
shifts in the upward direction. Consequently, the phase-matching point moves toward the larger tip
radius b where the effective indices depending on the tip radius b changes with a slower rate for both
TMoi1 (photonic) and TMoco-sp (plasmonic) modes. This means that the interaction length extends
(smaller parameter v) with the increasing surrounding medium’s refractive index nsur allowing the

coupling efficiency to increase in an optically denser medium compared with air.

When the tip is in a denser medium such as nsur = 1.3, the field overlap integral reduces due to the
decreased penetration depth (decreasing parameter §), and the interaction length increases due to the
shift of the phase-matching region to a large tip radius b (decreasing parameter v). The former effect
reduces the coupling efficiency, and the later increases the coupling efficiency. Since the later effect
is the dominant one, we have an overall gain in the coupling efficiency that is 5.55% for a plasmonic

tip with a coating thickness d of 100 nm in a surrounding medium with zsur = 1.3.

When plasmonic tips are used in real experiments, we concern plasmons that reach the tip apex rather

than what is directly excited or coupled from the photonic mode. Consequently, we have to obtain the
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total power conversion efficiency of plasmons by including the propagation loss that occur during the
propagation from the coupling point to the tip apex. The next equation considers this case by

multiplying the coupling efficiency by the power decay value due to the propagation loss as

Zo
T(nsurr) ~ APlz(nsurr) exp(—Z f IBHPI (Z, nsurr)dz>' (16)
0

Here, both the coupling amplitude and the propagation constants are the function of the surrounding
medium. We calculate this total conversion efficiency depending on the surrounding medium 7surr and
present it in Figure 15d. The total conversion efficiency in a medium is normalized by the value that
is in air to see the enhancement factor. As the figure shows, the total conversion efficiency is enhanced
with the increasing refractive index of the surrounding medium. In a medium with zsur = 1.3, we have
the total conversion efficiency enhancement of 2.91x compared with air. This trend, however, doesn’t
continue when the refractive index of the surrounding medium zsur becomes higher. When nsurr > 1.32,
the propagation loss starts to dominate (see the supplementary material in Reference 121), and the
conversion efficiency no longer increases; rather it starts to decrease. Furthermore, when nsur > 1.37,
the phase matching condition is no longer fulfilled for our calculation parameters. Just like the medium
with nsur = 1.71 in Figure 15¢, the dispersion curves of the plasmonic and photonic modes don’t cross
indicating that the plasmonic mode can no longer be excited. Note that these numbers will differ if the

parameters are chosen other than ncore = 1.4474 and wavelength of 1o = 784 nm.

We conclude that when plasmonic tips are in a medium such as a liquid, the total power reaching the
apex can be enhanced, and the field at the apex is further confined to the metal-surrounding medium
interface. This suggests there can be an interesting application of plasmonic tips such as optical

tweezers or optical nano-manipulators in a liquid environment.
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3  Plasmonic tips‘ emission

In the previous chapter, we have studied analytically the modal characteristics of fiber based SNOM
tips that are dielectric tips, aperture tips, and plasmonic tips. Performance-wise, we have concluded,
based on our analytical study, that the plasmonic tips have the potential to produce far superior results
in both optical and topographic resolutions during a SNOM measurement as compared to the dielectric
or aperture tips. Prior to use plasmonic tips in investigating unknown samples, we need to examine
their behavior experimentally so that we will be able to interpret correctly the SNOM images. Since
the dielectric or aperture tips have been around for more than 30 years,?%78:808184122.133 their emission
and detection characteristics are rather well documented as compared to the plasmonic tip that has
become available only recently. For this reason, we will concentrate on the plasmonic tip in this and

the next chapters and study experimentally its emission and detection characteristics in both near- and

8,124-126 1118,127,128

far-fields. Despite many analytical® and numerica studies and some attempts in
fabricating different types of plasmonic tips,®*!'?° fiber based plasmonic tips weren’t available in its
true form for experimental study. This is because there was no fiber that could guide the radially
polarized beam over a long distance without major disturbance in mode’s polarization state. With the
emergence of the vortex fiber that is designed to guide securely the cylindrical vector beams including

the radially polarized beam over a long distance,’*"

we were able to produce plasmonic tips and study
their emission and detection characteristics. In this chapter, we explore the far- and near-field emission
characteristics of the plasmonic tip that is made by tapering a vortex fiber and then gold coating it
with a physical deposition method. We will briefly explain the vortex fiber, the fabrication process of
plasmonic tips, and the generation of the radially polarized beam in Section 3.1. In Section 3.2 , we
discuss the radially polarized modes in different parts of the plasmonic tip that are in the vortex fiber,
in the tapered vortex fiber, and also on the outer gold surface of the plasmonic tip as a plasmonic

mode. As we have discussed in Section 2.5.4, the surrounding medium affects the coupling efficiency

and also the tip’s emission. We will study this effect by probing the far-field emission of a plasmonic
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tip in different liquids in Section 3.3 . Furthermore, the plasmonic tip’s near-field emission is studied

by using a bull’s eye grating which is discussed in Section 3.4 .

3.1 Fabrication of plasmonic tips and generation of the radially

polarized beam

Before start analyzing the plasmonic tip’s emission, we discuss essential preparation steps that are
fabricating the plasmonic tip, generating a radially polarized beam, and coupling the beam into the

vortex fiber of the plasmonic tip.

Vortex fiber and its tapering. The plasmonic tip is a tapered and fully metal coated vortex fiber that
is also called ring-core fiber, orbital angular momentum (OAM) fiber, or M-profile fiber.”>”* The facet
of the vortex fiber with a cladding diameter of 115 pm is imaged with a microscope objective and
shown in Figure 16a. As the figure shows, the vortex fiber has double ring core structures and is
specially designed to guide the cylindrical vector beams including the radially polarized mode over a
long distance with a high modal purity.”>”® This fiber is designed that at a wavelength of about
1500 nm, the outer ring core guides the cylindrically vector modes while the inner core guides the
fundamental Gaussian-like fiber mode. The fundamental mode can be transformed into a radially
polarized mode by using a long period grating that applies mechanical pressure to intercouple these

modes.”?

We measure the refractive index profile of the vortex fiber with a fiber index profiler (IFA-100,
Interfiber Analysis) at wavelengths of 522, 594, 666, 739, and 811 nm. To obtain the refractive index
profile of the core at our laser’s operating wavelength of 784 nm, we perform linear fitting by using
these five measurements. Figure 16b presents the linear fitted refractive index profile of the vortex
fiber core. The cladding and core refractive indices range from 1.4474 to 1.4984 at a wavelength of
784 nm. For analytically calculating the waveguide modes in the dielectric core of the plasmonic tip,
we assume that the refractive index of the tip core is 1.4474 as same as the cladding refractive index
of the vortex fiber (see Section 2.4.6). This is a valid assumption since the cladding to core diameter
ratio is conserved during the tapering process as we will show in the next section. Toward the tip apex,
the core of the vortex fiber, therefore, shrinks so the core not only comprises the minor part of the
plasmonic tip’s core but also no longer guides the waveguide mode in the plasmonic tip. As it can be

seen in Figure 16b, the inner ring core has a narrow and shallow refractive index modulation so one
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Figure 16. (a) Facet image of a vortex fiber with a cladding diameter of 115 pum. (b) Refractive index
profile of the vortex fiber’s core at a wavelength of 784 nm. The refractive index profile was measured at
5 different wavelengths and linear fitted to find the one at a wavelength of 784 nm. (¢) Microscope image
of a smoothly tapered vortex fiber. The inset shows the close-up of the apex region. (d) Microscope image
of a bottle-neck shaped tapered vortex fiber that is produced with multiple phases of heating and pulling
steps. The inset shows the close-up of the apex region. The figure shows that the bottle-neck shape repeats
itself near the apex region.

might not see it as a ring core in the microscope image in Figure 16a. This shallow refractive index
modulation in the inner ring core is designed such on purpose to guide both the radially polarized
mode and the fundamental Gaussian-like mode. At a wavelength lower than the fiber’s designed
wavelength of 1500 nm, this inner core guides the higher order radially polarized modes."*® In
Reference 130, the supported modes of the vortex fiber have been calculated by using COMSOL
software for the refractive index profile given in Figure 16b and at a wavelength of 784 nm. We will
also demonstrate this in the next section when discussing about the radially polarized mode’s

evolution in the plasmonic tip.

Next, we taper the vortex fiber by using a laser based micropipette puller (P-2000/F, Sutter Instrument).
The machine employs the heating and pulling technique where a COz2 laser of 10 W is focused onto
the fiber while two ends of the fiber are fixed on two separate stages that pull the fiber in two opposite
directions.3"*! When the laser melts the fiber, the pulling force separates the fiber into two pieces of
tapered fiber creating two identical tapered tips with apex sizes of about 30 nm.*? An example of a
smoothly tapered fiber is imaged with a microscope and shown in Figure 16¢ where the inset shows
the close-up of the apex region. The taper angle (full cone angle) is about 18° near the tip apex, yet
away from the tip apex, it reduces and becomes below 5°. For smoothly tapered tips, the taper length

is thus long about 0.5 — 1.0 mm from the tip part with a diameter of 50 um to the tip apex. An
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Figure 17. (a) Scanning electron microscope (SEM) image of a typical plasmonic tip. (b) Close-up image
of the plasmonic tip’s apex region. It is shown that for 50 nm gold thickness, the plasmonic tip’s apex size
is about 200 nm. The taper angle of the plasmonic tip is about 16° in the resonant coupling region; however,
this taper angle varies along the tip axis. (¢) [llustration of a plasmonic tip’s cross-section. There are several
characteristic parameters of the plasmonic tip that are the apex size, the coating thickness, and the taper
angle. These parameters determine the performance of the plasmonic tip in SNOM measurements.

advantage of such taper shape is adiabaticity of a mode propagation in the tapered waveguide. During
the tapering, one can use multiple phases of melting and pulling to produce a bottle-neck shaped tip'!
that has a shorter tapered region and a larger taper angle than the smoothly tapered tip. An example
of a bottle-neck shaped tip is imaged with a microscope objective and shown in Figure 16d where the
inset shows the close-up of the apex region. The figures show that the bottle-neck shape repeats itself
near the tip apex. The taper angle is about 30° in the first bottle-neck section at a diameter of 50 pm
and about 40° in the second bottle-neck section at a diameter of 3 um. For the tip shown in the Figure
16d, the taper length is about 150 pm from the tip part with a diameter of 50 um to the tip. Due to the
less reproducibility in fabricating the bottle-neck shaped tips, the taper length usually ranges in
between 0.1 — 0.4 mm. The larger the taper angle is, the smaller the propagation loss is since the taper
length or the distance for the mode to propagate is short. Such large taper angle and short taper length
is advantageous for aperture tips since they have low transmission efficiency of about 10" due to the
propagation loss (see sections 2.4.3 and 2.4.4). However, it is not the case for plasmonic tips. The

short taper length and large taper angle results in non-adiabatic mode propagation that causes a
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coupling between modes that are propagating forward and backward (back-reflection) directions and
an excitation of higher order modes. The polarization state also can be disturbed due to the non-
adiabatic mode propagation. Thus, it is preferred to have smoother and adiabatic tapering, like the one
in Figure 16c¢, for plasmonic tips. However, to accurately determine the optimal taper angle, we
should study experimentally the guided modes in the tapered fiber when a specific mode is excited at

the fiber end of the tip by using modal decomposition methods!32-13¢,

Metal coating of plasmonic tips. The tapered fibers are then gold coated with a physical evaporation
deposition method by using a custom made evaporation and deposition chamber. Figure 17a shows
a typical scanning electron microscope (SEM) image of a plasmonic tip. Although the physical
evaporation deposition method usually results in a polycrystalline gold layer with grain/cluster sizes
of'about 50 nm, the SEM image shows that the coating layer is homogenous and free of major defects.
Thus, it is expected that the small clusters will not disturb much the plasmonic mode’s propagation.
The apex region, marked with a yellow box in Figure 17a, is enlarged and presented in Figure 17b.
The coating thickness, the coating material, the taper angle, and the tip apex are important parameters
since they determine the performance of the SNOM measurement. These parameters are explained
and illustrated Figure 17c¢. In each upcoming discussion on experimental results, we will provide

these parameters.

In Figure 17a and b, we obtain a plasmonic tip with an apex size of about 200 nm when the coating
thickness is about 50 nm. The apex size increases with the coating thickness increase, and thus to
obtain a small tip apex, an additional sharpening step is required such as a wet chemical etching'?”-!3
or a dry etching with plasma, ion or gases.!**"!* The tip apex is round and smooth as it can be seen in
Figure 17a and b, and this shape is important for plasmonic tip’s detection characteristics. The taper

angle is about 16° in the resonant coupling region where the tip diameter is about 1.5 pm.

Generating and coupling of the radially polarized beam. Besides fabricating a good plasmonic tip,
it is crucial to generate the radially polarized beam and excite only the TMo1 fiber mode in the vortex
fiber of the plasmonic tip by using this free space radially polarized mode. Figure 18 illustrates the
experimental setup for generating a radially polarized beam and coupling the beam into the plasmonic
tip. We first convert the linearly polarized Gaussian beam into a radially polarized beam by using a
radial polarization converter (Arcoptix) that is made of a liquid crystal. We include the intensity
profiles of the free space Gaussian beam and the converted radially polarized beams in Figure 18

where the blue arrows indicate the polarization state. The radially polarized beam is then coupled into
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Figure 18. Experimental setup for generating a radially polarized beam and coupling the beam into the
vortex fiber of the plasmonic tip. A radial polarization converter changes the linearly polarized Gaussian
beam into a radially polarized beam by using liquid crystal cells that locally reorient the Gaussian beam
field vector. The radially polarized beam is then coupled into an intermediate vortex fiber with an aspheric
lens. To make sure the fiber mode is radially polarized, we align the vortex fiber and monitor the fiber
mode. This part of the setup is not shown here. After exciting the radially polarized fiber mode in the vortex
fiber, we splice the intermediate vortex fiber with the vortex fiber of the plasmonic tip. The blue arrows
show the polarization state of the beams and the fiber modes.

an intermediate separate piece of vortex fiber by using an aspheric lens with a numerical aperture of
0.16 (C260-TMD-B, Thorlabs). Although it is not shown in the figure, one end of the intermediate
vortex fiber, the one near the aspheric lens, is fixed on a xyz-translation stage, and the transmission
from the other fiber end is monitored with a charge coupled device (CCD) camera. We align the fiber
with respect to the aspheric lens until the radially polarized fiber mode is excited in the vortex fiber.
After insuring the mode in the intermediate vortex fiber is radially polarized with a thin film
polarization analyzer (hereafter called polarization analyzer), we splice the intermediate vortex fiber
with the vortex fiber of the plasmonic tip by using an arc fusion splicer (FSM-45PM-LDF, Fujikura).
This procedure insures that the mode in the fiber of the plasmonic tip is also radially polarized and
thus offers us the best chance to deliver the radially polarized mode to the tapered section of the
plasmonic tip. In a separate experiment that is not presented here, we have investigated the fusion
splicing parameters that produce a good junction between the fibers through which the radially
polarized fiber mode propagates without significant disturbance. Radially polarized fiber modes in
the vortex fibers are also included as insets where the blue arrows indicate the polarization state. As
it can be seen in the image of the vortex fiber mode Figure 18, both ring cores guides light meaning
that both TMo1 (guided in the outer core) and TMo2 (guided in the inner core) modes are excited in the
vortex fiber.!*° This is due to our simple excitation setup. The radial polarization converter only offers

a phase change, yet there still exists the amplitude mismatch between the fiber mode and the input
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beam. This amplitude mismatch often causes an excitation of higher order radially polarized modes.'3°
A computer generated hologram or an annular amplitude mask can be added to obtain a better shaped
radially polarized beam that is both phase and amplitude matched with that of the fiber mode."** Such
experiment has been performed and demonstrated that the TMo1 mode can be selectively excited in

the vortex fiber.'3°

3.2 Propagation of the radially polarized mode through the plasmonic
tip

Starting from the vortex fiber of the plasmonic tip, we would like to analyze the modes in the different
regions of the plasmonic tip when a radially polarized beam is coupled into the vortex fiber of the tip.
We use tips that have coating thicknesses of about 90 nm and apex sizes of about 200 nm. First, we
concern the modes in the vortex fiber when a radially polarized beam at a free space wavelength of
784 nm is coupled into the fiber. To compare with the guided mode in the vortex fiber, we present the
microscope image of the vortex fiber facet showing the double ring core in Figure 19a. The outer ring
core has a diameter of 9 um for the vortex fiber when the cladding diameter is 115 um.**’> Now, we
couple the radially polarized beam into the vortex fiber and image the guided modes in the vortex
fiber when the microscope objective is still focused on the fiber facet. Figure 19b shows the intensity
images of the guided mode profiles in the vortex fiber. Polarization resolved images are also shown
in Figure 19b where the yellow arrows indicate the polarization analyzer’s transmission axis. When
the analyzer is rotated, the two lobes in the inner and outer ring cores rotate with the polarization
analyzer in the same direction. Furthermore, the lobes are oriented along the transmission axis in each
cases, and thus we conclude that the mode in the vortex fiber is radially polarized. The figure also
shows that both ring cores guide light where it is stronger in the outer core and weaker in the inner
core. At our laser operation wavelength of 784 nm, the lowest order radially polarized mode, TMo,
of the vortex fiber is guided in the outer core while the next higher order radially polarized mode,
TMaoz, is in the inner core.'*® Consequently, the image confirms that with our simple excitation setup,
we excite not only the TMo1 mode but also the TMo2 mode. Note that the portion of the TMo2 mode is
much smaller than the TMo1 mode so we expect the influence of the TMo2 mode is minor. To avoid
exciting the TMo2 mode, we must improve our excitation setup and match both the amplitude and

phase of the incident beam with that of the TMo1 mode. This matter is thoroughly studied and
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discussed in Reference 130. Another way to avoid the excitation of the TMo2 mode is to increase the
operation wavelength closer to the vortex fibers’ designed wavelength of about 1500 nm.”>”® Due to
our operation wavelength of 784 nm that is about half of the designed wavelength, the vortex fiber
becomes a few mode fiber at our operating wavelength. Although our operating wavelength enables
these higher order modes in the fiber, there are some advantages. At shorter wavelengths, the shrinking
core structure due to the tapering remains effective in guiding the radially polarize modes closer to
the apex than at longer wavelengths. Thus, the shorter wavelength helps to preserve the radially
polarized mode in the taper and excite successfully the radially polarized plasmonic mode. Besides,
it is not yet clear that how the TMo2 mode will affect the performance of the plasmonic tip. Depending

on the phase difference between the TMo1 and TMo2 modes, the existence of the TMo2 mode might do

\ 1
E Figure 19. (a) Vortex fiber facet. The fiber has double

ring core structures, and the outer ring diameter is 9 pm
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good or bad. Based on Figure 19b that shows the intensity of the TMo2 mode is weaker than that of

the TMo1 mode, however, we can claim that the influence of the TMo2 mode will be negligible.

The radially polarized mode within the fiber, then, propagates to the tapered part of the plasmonic tip
and excites the radially polarized plasmons on the outer surface of the gold coating. The plasmonic
mode propagates to the apex and emits to the front and the side directions. We image the tip emission
to the front and side with a microscope objective (LD EC Epiplan-Neofluar 100x 0.75NA, Zeiss) and
present them in Figure 19¢ and d, respectively. The focal plane of the objective was carefully aligned
on the plane of the tip apex for imaging the tip’s front emission and on the plane of tip’s side surface
for imaging the tip’s side emission. In Figure 19¢, the tip’s front emission image shows that the front
emission has a doughnut shape while the polarization resolved images show that the excited plasmons
are radially polarized. Since only the fundamental plasmonic mode, TMoco-sp, is radially polarized,
we conclude that this fundamental superfocusing mode is successfully excited. In Figure 19d, we
show the tip emission to the side overlaid with the tip’s SEM image. The figure shows that the
plasmonic tip emits from its apex to the side. When the TMoco-sp mode propagates toward the
plasmonic tip apex, the longitudinal field increases as we have shown in Section 2.5.1. At the tip apex,
the plasmons will constructively interfere creating a strong longitudinal field.®” This longitudinally
oscillating field is similar to a longitudinally oscillating dipole along the tip axis, and thus the field
will be emitted to the side. The smaller the tip apex is, the stronger the longitudinal field becomes at
the apex so does the tip emission to the side. For this particular plasmonic tip, the apex size was about
200 nm; thus, the tip emits not only to the side but also to the front. We expect that the tip emission
to the side will increase with the decreasing tip apex size while the emission to the front will

decrease.®0°!

We also take a look at the mode profiles in the tapered region of the plasmonic tips. We cross-section
two similar plasmonic tips at diameters of 3.0 um and 1.42 pum and study the cross-sectioned tips’
facets and the profiles of the guided mode within them. The SEM images of the cross-section tips’
facets are shown in Figure 19e and f. When Figure 19e (taper diameter of 3 pm) is carefully observed,
one can see a faint ring core structure of the vortex fiber that has shrunk from 9 um down to 200 nm.
This can be clearly seen in the inset in Figure 19e where the dashed part of the core has been enlarged
for better visibility. If we calculate the core to cladding ratios in Figure 19a and e, they are 12.8 in
the fiber (115 pm to 9 um) and 13.4 in the tapered fiber (= 2.68 um to = 0.2 um). From this, we can

conclude that the heating and pulling technique scales down linearly the core to cladding ratio and
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preserves the core structure until the very end. This linear and slow transformation of the core helps
to preserve the polarization state of the guided mode over a long distance in the tapered region. We
can see this in Figure 19g and h where we show the intensity images of the guided mode at tapered
regions with diameters of 3.0 um and 1.42 um, respectively. We couple a radially polarized mode into
the fiber end of the cross-sectioned fiber tip and image the intensity profiles while having the focal
plane of the imaging objective at the facet of the cross-sectioned tip. Figure 19g reveals that the
intensity profiles contain faint lobes besides the main central lobes. This means that there exists the
TMo2 mode besides the desired TMoi mode. This higher order mode exists due to our chosen
wavelength of 784 nm as we have mentioned earlier in this section. After the tip diameter of about
3.0 um, the TMo2 mode experiences cutoff. Thus, on Figure 19h, we only see two lobes meaning that
only TMo1 mode exists at a tip diameter of 1.42 pm. With Figure 19e-h, we can deduce that the core
structure shrinks monotonously toward the tip apex allowing the guided modes to transform

adiabatically and reach safely to the resonant coupling region of the plasmonic tip.

3.3 Plasmonic tips’ emission in liquid environments

As we have discussed in Section 2.5.4, the surrounding medium affects the plasmonic tip’s excitation
process and the tip’s emission. Due to the increase of the surrounding medium’s refractive index, the
phase matching region shifts to the region where the tip radius is larger. Due to this shift, the
interaction region between the plasmonic mode and the fiber mode becomes longer; consequently, the
coupling efficiency increases. Furthermore, the penetration depth of the plasmonic mode’s field
reduces slightly in the metal so does the coupling efficiency. Since the first effect, the increase of the
interaction length, is dominant as we have shown in Section 2.5.4, the overall coupling coefficient

increases.

We would like to experimentally study this environmental effect on the plasmonic tip’s emission. To
do so, we immerse a plasmonic tip in different liquids and probe its emission while moving the liquid
in a cuvette. The experimental setup is illustrated in Figure 20a. We make a small hole on the bottom
of a glass cuvette and fill it with liquids. The measurements are performed separately for two different
liquids with refractive indices of n = 1.3 and n = 1.71. The plasmonic tip goes through the hole in the
cuvette, and its position is fixed with respect to the imaging objective while leaving the last = 50 pm

of the tip exposed in air without the liquid covering it. The cuvette with liquid is attached to a piezo



Plasmonic tips‘ emission 63

@ Photomultiplier (b) Low refractive index liquid () High refractive index liquid
tube  — 12 T T T 12 T T
e Tube — —— prediction
I measurement
ens 10 4 10 -
Objective ?
4x/ 0.1NA /\ A
Ss { sk -
s N A
o @ = =
° © [—} —
26 41 2 64 = ]
= = = =
5 E | =
© ®
4 1 & 4r .
@ 5 nsurr=1.71
== = E l——— &
— wook nsurr=1.3 - 2 Msurr=1
Cubic cuvette Plasmenic M
with liquid ~ © & tip Nsurr=1
T 0 1 N i 0 N L
80 60 40 20 0 0 20 40 53
Radially polarized -
fiber mode z scan (um) z scan (um)

Figure 20. (a) Experimental setup for probing the tip emission while moving the liquid in a cuvette in
upward direction. (b) Plasmonic tip emission probed in a liquid with » = 1.3 (¢) Plasmonic tip emission
probed in a liquid with »=1.71. In (b-c), the insets show the relative position of the liquid surface with
respect to the plasmonic tip’s apex while the red arrows indicate the liquid surface movement direction.
Meanwhile, the black arrows in the bottom z axis shows the scan direction. Red dashed lines show the
theoretically estimated values in respective surrounding medium. Adapted from Reference 121.

stage and moves up starting from z = 0 um (tip in air) and ending at z = 80 pum (tip in a liquid) where
the tip is completely covered by liquid. About = 30 um of liquid layer forms in between the tip apex
and the liquid surface when the stage reaches its maximum height. Since we use an objective (Plan N
4x 0.1NA, Olympus) with a depth of focus of 15 um, this amount of liquid layer doesn’t shift the tip
apex out of the focal volume. While the cuvette shifts from z =0 um to z = 80 um, we measure the
tip’s emission with a photomultiplier tube (PMT). The measurement, thus, shows the tip’s emission
change with respect to the amount of distance in which the liquid in a cuvette is moved in upward
direction. In this experiment, we use a plasmonic tip with a coating thickness of about 100 nm and a

radially polarized beam as an excitation source for the plasmonic tip.

First, we put the tip in a liquid with a refractive index of » = 1.3 and measure the tip’s emission while
moving the cuvette with a liquid in upward direction. The experiment result is shown in Figure 20b
where the raw data is normalized so that the tip’s emission in air is unity. The cuvette’s movement
direction is indicated with a black arrow on the bottom of the graph. The insets in Figure 20b and ¢
also show the relative position of the liquid surface with respect to the tip apex, and the red arrows
indicate the liquid surface’s movement direction. The graph shows that the tip’s emission increases
about 3.5x in the liquid with n = 1.3 compared with air. This increase of emission clearly indicates
that the coupling efficiency of the plasmonic tip has increased in this liquid environment as we have
anticipated in Section 2.5.4. According to the calculation, we expected that the emission will increase

about 2.91x that is indicated with a red dashed line in Figure 20b. This difference in the measurement
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and calculation is likely to be caused by the increased scattering of plasmons in a liquid compared
with air. The total coupling efficiency increases by 5.5x as shown in Figure 15a, but due to the
propagation loss, only some reaches the apex giving a total enhancement of 2.91x at the apex. In a
liquid environment, however, plasmons will scatter so we not only measure the tip emission from the

apex but also the scattered plasmons.

Next, we change the cuvette with a new one and fill it with a liquid with a refractive index of n =1.71
in the new cuvette. Before repeating the measurement with the same tip, we clean the tip carefully
with isopropanol droplets to remove the residue of the previous liquid. Afterwards, we repeat the
measurement and show the result in Figure 20c¢ where the graph is also normalized so that the tip’s
emission in air is unity. Like before, the liquid surface’s movement is indicated in the insets with red
and black arrows. Unlike the previous case (a liquid with a refractive index of n = 1.3), there is no
sharp peaks and increase of emission. The emission rather decreases as the tip fully enters the liquid
and reaches the value of 0.4. This sharp decrease of emission indicates that the plasmon excitation is
suppressed in the liquid with a refractive index of » = 1.71. Theoretically, we expect the emission will
be 0 as indicated with a red dashed line on the right side of Figure 20c since the phase matching
condition is no longer fulfilled in this environment (see the orange curve in Figure 15¢). However,
due to the gold etching caused by increasing plasmon induced heat that enhances the chemical erosion
of the surface by the liquid, the gold layer of the tip becomes thinner allowing the light to tunnel
through. Thus, we observe some residue emission. This is also the reason why we stop the

measurement when stage reaches z = 53 pm.

Besides the overall increase of the tip’s emission in a liquid with a refractive index of n = 1.3, there
appear two sharp peaks at z=27.8 pum and 41.6 um in Figure 20b. Such peaks are usually a sign of
some type of resonant effect. Besides the resonant coupling between the radially polarized waveguide
(in the fiber core) and plasmonic (at the outer metal-surrounding medium interface) modes, there also
can happen (1) a resonant excitation of higher order plasmonic modes or (2) a resonant coupling
between the waveguide mode in the fiber core and the waveguide mode in temporarily formed tapered
liquid-layer over the tip due to the wetting effect. We showed in the previous section that the
waveguide modes in the tapered part the plasmonic tip is radially polarized and composed of TMo:
and TMo2 modes. These radially polarized modes are only non-orthogonal to the fundamental
plasmonic mode and thus cannot excite the higher order plasmonic modes due to the mode non-

orthogonality. Consequently, the resonant excitation of the higher order plasmonic modes is not



Plasmonic tips‘ emission 65

possible and cannot be the origin of the peaks we observed in Figure 20b. The remaining possibility
is the resonant coupling between the waveguide mode in the plasmonic tip core and the waveguide
mode in a tapered liquid-layer that is formed over the tip. This resonant coupling process is illustrated
in Figure 21a. The wetting of the plasmonic tip is effective when the tip apex is closer to the liquid
surface, and thus the peaks appear shortly before the tip apex submerges under the liquid surface.
Furthermore, if one compares the graphs in Figure 20b and ¢, the liquid with the refractive indices of
n=1.3 seems to provide a favorable condition for the formation of a tapered liquid-layer. To

understand this difference, we explore the two liquids and their interaction with a gold surface.

To study this wetting effect, we put two droplets of liquids with refractive indices of n =1.3 and
n=1.71 on a gold planar surface and measure the contact angle by imaging the droplets from side
with a microscope objective. Figure 21b illustrates the definition of the contact angle that is the angle
between the gold surface and the tangent to the droplet surface. The stronger the wetting effect is, the
smaller the contact angle will be. We image the liquid droplets on a planar gold surface from side with

a microscope objectives, and present the results in Figure 21c and d. For the liquid with a refractive
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Figure 21. (a) Resonant coupling processes between the waveguide modes in the tip core and the
temporarily formed tapered liquid-layer. When the tip apex is above but close to the liquid surface, there
can form a tapered liquid-layer over the plasmonic tip surface due to the wetting effect. Thus, besides the
resonant coupling between the radially polarized waveguide and plasmonic modes, there also occurs a
resonant coupling between the waveguide modes in the fiber core and the tapered liquid-layer. (b) Contact
angle formed between the gold surface and the tangent to the liquid droplet surface. (¢) Microscope image
of a droplet of a liquid with n = 1.3. The contact angle is measured as 5°. (d) Microscope image of a droplet
of a liquid with n = 1.71. The contact angle is measured as 25°. Adapted from Reference 121.
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index of n = 1.3, the contact angle is 5° so the droplet is almost invisible and indistinguishable from
the gold surface. Meanwhile, the contact angle is 25° for the liquid with a refractive index of n = 1.71.
It is, thus, clear that the liquid with a refractive index of n = 1.3 has a stronger wetting effect than the
one with n = 1.71. Consequently, the liquid with n = 1.3 forms effectively a thin tapered liquid-layer
over the plasmonic tip that can act like a temporary dielectric tapered waveguide. During the transition
of the liquid surface, a right thickness of liquid layer can be formed at the right place of the plasmonic
tip so the phase matching condition is satisfied between the waveguide modes in the fiber core and
the tapered liquid-layer. In this case, there can occur a resonant coupling between the waveguide
modes increasing the total emission of the tip far greater than the anticipated amount in Section 2.5.4.
The two peaks in Figure 20b can be attributed to the resonant out-coupling of the TMo1 and TMo2
modes. Since the wetting effect is weak in the liquid with refractive index of n=1.71, the

measurement in Figure 20c is free of strong peaks and dips.

3.4 The plasmonic tip’s apex near-field

In this section, we want to measure and study the near-field of the plasmonic tip apex. For accessing
the apex near-field, one has to have an evanescent coupling scheme from the tip apex to some other
scattering or detecting sample. One can use quantum dots, fluorescent beads, or nanoparticles as
scattering centers to scatter and detect the apex near-field in the far-field.?? Another plasmonic tip can
also be used as a detector and measure the apex near-field of a plasmonic tip under study. Though it
is challenging, such tip over tip scanning experiment has been done before.**!'** Above mentioned
methods offer direct measurement of the apex near-field by raster scanning the tip over the sample to
form the image of the tip’s near-field. However, we avoid such methods because of the uncertainty of
the experimental condition. The plasmonic tip’s detection and excitation characteristics are unknown,
and it is also difficult to predict the interaction between the plasmonic tip and a sample that can be a
nanoparticle or another tip. Instead, we use an indirect yet predicable way for measuring the tip’s near-
field where one snapshot can give the whole picture of the apex near-field. In the experiment, a
plasmonic tip is placed on a planar gold surface to excite planar SPPs by the tip apex on the gold
surface. By analyzing these excited planar SPPs, we can indirectly gain information on the shape and
polarization of the tip’s near-field. Since the excitation of SPPs on a planar gold surface is analytically
solvable and rather straightforward, this method offers greater simplicity in experimental

demonstration and interpretation.



Plasmonic tips‘ emission 67

Experimental setup. Our experimental setup is illustrated in Figure 22a. The plasmonic tip is glued
on a tuning fork and attached to a SNOM head for scanning and positioning purposes. The NT-MDT
NTEGRA controller connects the SNOM head with a computer and thus allows us to raster scan the
tip over the sample in a shear force mode for obtaining a topographic image of the sample. The sample,
used in the experiment, is a bull’s eye grating that consist of a circular disk (9 pm in diameter) and an
annular grating with a period of 768 nm (equal to the wavelength of the planar SPPs). The disk and
the annular gratings are concentric. To fabricate bull’s eye grating, a gold layer of 100 nm is deposited
on a quartz substrate, and then, the grating grooves are milled with a FIB through the gold layer. For
imaging the scattered light by the grating to forward (+ z) direction, a microscope objective (EC
Epiplan 20x 0.4NA, Zeiss) is placed behind the grating sample such that the focal plane of the
objective lens is fixed at the grating’s back surface. The real image is formed onto the CCD camera
with a tube lens. A thin film analyzer is also added to obtain polarization resolved images of the
scattered SPPs. The near-field of a plasmonic tip is measured and analyzed when a radially polarized

beam is carefully coupled into the vortex fiber of the tip (see the explanation in Section 3.1).

Figure 22b illustrates the excitation process of the planar SPPs by the plasmonic tip and the scattering
process of the planar SPPs by the bull’s eye grating. To perform the experiment, we first bring the tip
in contact with the grating surface and scan over the grating to obtain the topographic image by using
the SNOM head. An example of topographic image is shown in Figure 22¢. After this, the tip apex is
placed at the center of the annular gratings and about 50 nm above the gold surface. The near-field of
the tip apex excites planar SPPs on the grating surface that propagates away from the tip-sample

contact point toward the annular grating. When the planar SPPs reach the annular grating, they are
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scattered to forward (+ z) and backward (—z) directions. Depending on the direction to which the
planar SPPs are excited on the planar gold surface, the shape of the scattered light pattern through the
annular grating changes. Thus, we can indirectly imply the shape and polarization of the tip’s near-

field by observing the scattered light through the grating.

Results. When a radially polarized waveguide mode is coupled into the vortex fiber of the plasmonic
tip, the mode propagates to the tapered part of the plasmonic tip and excites the radially polarized Co-
SP mode on the outer surface of the tip. Then, the radially polarized Co-SP mode propagates to the
apex and creates a longitudinal field at the apex that is oscillating along the tip axis. This process is
demonstrated in Figure 23a where the waveguide mode in the vortex fiber is illustrated in red, and
the Co-SP mode is in blue. When such longitudinal field is created at the apex and used to excite
planar SPPs on a planar gold surface, it is expected that the planar SPPs will be excited to all radial
direction from the tip and sample contact point. This process is demonstrated in Figure 23b. When

the planar SPPs reach the annular grating, they are scattered to forward (+z) and backward (- z)
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Figure 23. (a) Generation of a longitudinally oscillating field at the plasmonic tip apex. The radially
polarized waveguide mode within the vortex fiber resonantly excites the fundamental and radially polarized
Co-SP mode on the outer surface of the plasmonic tips. When the radially polarized Co-SP mode reaches
the tip apex, it creates a longitudinal field oscillating along the tip axis. (b) Excitation of planar SPPs on a
planar gold surface by the plasmonic tip when a radially polarized waveguide mode is coupled into the fiber
tip. When the tip axis is normal to the grating surface, it is expected that the longitudinal field at the tip
apex shall excite planar SPPs to all radial direction. (c-d) Microscope image of the scattered light without
a polarization analyzer and when the tip was in (c) and out of (d) contact with the gold planar surface. (e)
Polarization resolved images of the scattered light from the grating’s back surface when the tip was in
contact with the grating surface. The analyzer’s transmission axis is noted with yellow arrows. The inner
disk of the grating (9 pm in diameter) is indicated with dashed white circles in (c-e). Adapted from
Reference 69.
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directions. We image the forward scattered plasmons on the opposite side of the grating surface. The
experimental results are presented in Figure 23c-e where dashed white circles indicate the grating’s
inner disk with a diameter of 9 um. The Figure 23c and d show the total intensity images of the
scattered SPPs when the plasmonic tip is in and out of contact with the grating surface without the
polarization analyzer. The total intensity of the image decreases about 25x when the tip is out of
contact or retracted about 4 um from the surface, but there is still some emission through the grating.
This residue emission is due to the scattering of the tip’s far-field emission by the grating. Thus, the
image in Figure 23d doesn’t correspond to the plasmonic tip’s near-field and is very different from
the one in Figure 23¢. We also obtain polarization resolved images of the scattered SPPs and present
the results in Figure 23e. The transmission axis of the polarization analyzer is noted with yellow
arrows. The figures show that the scattered light by the grating is radially polarized. Hence, we can
imply that the planar SPPs excited by the plasmonic tip apex propagate to all radial direction away
from the tip and grating contact point. Based on results in Figure 23¢ and e, we can conclude that the
apex near-field of the plasmonic tip is indeed longitudinally oscillating along the tip axis. The
inhomogeneity in Figure 23c¢ and e can be caused by dust or other scattering particles on the grating

surface.

If an aperture tip is used to excite planar SPPs instead of a plasmonic tip, the pattern of scattered light
will be very different from the one in Figure 23c. When a linearly polarized beam is coupled into the
aperture tip, there exist strong transverse field at the aperture plane that is parallel to the in-coupled
mode’s polarization axis like an in-plane oscillating dipole.®®7%% Hence, when the aperture tip is
brought in contact with the bull’s eye grating, it excites planar SPPs in the direction that is parallel to
the in-coupled mode’s polarization axis. For the aperture tip, the pattern of the scattered light through
the grating has a two-lobe shape.’”®

Influence of tip’s tilt with respect to the surface normal. In an ideal case, the tip is perpendicular to
the planar gold surface of the grating so the excited planar SPPs will propagate equally to all radial
directions. However, there can be a case where the tip is tilted with respect to the norm of the planar
gold surface. The plasmonic tip is glued to a tuning fork, and the tuning fork is then mounted onto the
SNOM head. Thus, the tilt of a plasmonic tip can occur due to the way the tip is mounted onto a
SNOM head, and the way the tip is glued to the tuning fork. Such tilt of a tip will result in an
unexpected SPP excitation pattern on the planar gold surface. To see the effect of tip tilt on the pattern

of the scattered SPPs, we tilt the plasmonic tip that is mounted onto a SNOM head at a large angle
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that is noticeable with naked eyes and repeat the experiment. Similar to the previous case, a radially
polarized beam is coupled into the vortex fiber of the tip, and the tilted plasmonic tip is placed at the
center of the bull’s eye grating. The scattered planar SPPs (in the direction + z) by the grating is
imaged when the microscope objective is focused onto the grating’s back surface. The experimental
results are presented in Figure 24a-c where dashed white circles indicate the grating’s inner disk with
a diameter of 9 um. In Figure 24a-b, the total intensity images are shown when the tip was in and out
of contact with the grating surface. Figure 24c shows the polarization resolved images where yellow
arrows indicate the analyzer’s transmission axis. When the tip is out of contact and retracted about
5 um away from the surface, the emission pattern changes, and the total intensity decreases about 10x.
As Figure 24a shows, due to the tip’s tilt, the excited planar SPPs propagate in a directional manner
rather than homogenously to all directions as shown in Figure 23¢. If we observe the polarization
resolved images in Figure 24c¢, the planar SPPs are more or less radially polarized in the xy-plane.
These results suggest that depending on the tip’s tilt, the tip’s excitation pattern can vary significantly.
Furthermore, the results imply that we can anticipate the tilt angle of a tip by observing the pattern of

the scattered SPPs through the grating.

To estimate the tilt angle of the tip, we approximate the longitudinal field (parallel to the tip axis) at
the apex of the plasmonic tip as an electric dipole that is oscillating along the tip axis. The dipole
locates above a gold planar surface at a distance of 50 nm, roughly the same distance as the SNOM

tip that
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Figure 24. (a-b) Microscope image of the scattered light without a polarization analyzer when the
plasmonic tip was in (a) and out of (b) contact with the gold planar surface. (¢) Microscope image of the
gratings back surface with a polarization analyzer and when the tip was in contact with the gold planar
surface. The analyzer’s transmission axis is noted with yellow arrows. The inner disk of the grating (9 pm
in diameter) is indicated with dashed white circles in (a-c). (d) Tilted dipole model. (e) Calculated total
intensity of the excited planar SPPs by the tilted dipole. (f) Polarization resolved intensity of the excited
planar SPPs by the tilted dipole. The analyzer’s transmission axis is noted with yellow arrows in (c) and
(f). Crosses in (e) and (f) show the dipole location on the xy-plane.
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operates in the shear force mode. The electric dipole will excite SPPs that will propagate to different
directions depending on the tilt angle that can be calculated analytically.’® The dipole’s oscillation
axis forms azimuthal ¢ and zenithal & angles with the z-axis in a spherical coordinate as shown in
Figure 24d. By varying these angles and comparing the calculated and measured results, we can
roughly estimate the tip’s tilt angle. We calculate the absolute of the time averaged Poynting vector
of planar SPPs excited by a tilted dipole according to Equation (6) in the supplementary material of
Reference 96. With an educated guess, we found that when the dipole is tilted by ¢ = 10° and § = 45°,
the planar SPPs excited by the dipole has a similar pattern to that of the experimental results. The
calculated results are presented in Figure 24e-f. Crosses in these figures show the projection of the
dipole center on the xy-plane while yellow arrows in Figure 24f indicate the direction of the Poynting
vector from the cross checked point. If we compare Figure 24a with e and Figure 24¢ with f, we can
see that the pattern and directionality of the excited planar SPPs are well reproduced with this simple
dipole model. Thus, we can conclude that the plasmonic tip in the measurement is also tilted by ¢ =10°
and 0 =45°. Since the excitation pattern of the excited SPPs change due to the tip’s tilt, we can predict
that such tilted tip’s detection behavior shall also change accordingly. In many cases, adjusting SNOM
tip’s tilt is challenging and often impractical; thus, one might use such bull’s eye grating to
characterize the tip’s tilt and later use this information in interpreting measured near-field images by

the tilted tip.
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4 Plasmonic tips® detection

In the previous chapters, we studied theoretically the modes in plasmonic tips and their evolution
during the propagation toward the tip apex and demonstrated experimentally that the radially polarized
Co-SP mode creates a longitudinal field at the tip apex. The plasmonic tip and the longitudinal field
at its apex can serve as a local source as we have discussed in Chapter 3, but in other cases, we would
like to also detect near-fields of a sample that is illuminated and excited by a far-field focused beam.
Thus, the functionality of plasmonic tips in a detection scheme is an important characteristic that will
not only decide the purposes of plasmonic tips in SNOM applications but also demonstrate their
performance superiority over other types of SNOM tips. To analyze the detection characteristics, we
first raster scan over different focused beams with a plasmonic tip in air without the shear force
feedback mechanism of the SNOM head in Section 4.1. Since there is no sample surface, this
experiment will help us to understand the pure interaction between the tip apex and the local electric
field at the focal plane. Thus, we can neglect the additional multiple interaction between the tip and
the sample that can potentially add inclarity in the measured results. Such interaction can also
influence the sample’s field distribution and eventually alter the detected fields by the tip. Since there
is no feedback mechanism during scanning, there can occur a slight angle difference between the focal
plane of the objective and the scanning plane of the SNOM head. This tilt might eventually influence
the scanned images that are measured by the plasmonic tip, and the scanned images might be slightly
different form the calculated field distributions at the focal plane of the objective. We discuss this
matter in Section 4.1.2. We also raster scan over fluorescent beads (20 — 100 nm in diameter) on a
glass substrate and obtain both topographic and optical near-field images to study plasmonic tips’
detection characteristics in the near-field. Fluorescent near-field measurements by plasmonic tips are

explained in Section 4.2 .
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4.1 Detection characteristics analyzed by raster-scanning over focused

beams

4.1.1 Scanning over different focused beams

In this section, we explore the plasmonic tip’s detection behavior by scanning over different tightly
focused beams and measuring the scattered light from the tip apex and the coupled light directly into
the tip. By employing a tightly focused beam as a sample, we can study the interaction of the
plasmonic tip apex with the local electromagnetic fields of the focused beam depending on the

focusing/collecting objective and the tip apex shape and size.

Figure 25a illustrates the experimental setup for raster-scanning the plasmonic tip over a tightly
focused beam. As shown in the setup image, we use a high numerical aperture objective (LD EC
Epiplan-Neofluar 100x 0.75NA, Zeiss) to focus a linearly polarized Gaussian beam or a radially
polarized doughnut beam. The focused linearly polarized Gaussian beam supports a strong transverse
field while the focused radially polarized beam provides a strong longitudinal field at the focal plane.”
Thus, both beams help us to deduce which field component is being preferably coupled into the tip or
scattered by the tip apex. The focusing objective is mounted on a nanofocusing piezo stage (P-
725.4CL Pifoc, Physik Instrumente) so that the focal plane can be shifted vertically at a small step (as
low as 0.5 nm) without losing the tip apex from the field of view of the objective. After the objective,
the plasmonic tip is placed nearby the focal plane of the objective. The plasmonic tip is glued to a
tuning fork and mounted onto a SNOM head that is controlled by a NOVA software from NT-MDT.
During scanning, we turn off the feedback mechanism in the software since we scan in air not over a
physical surface. Having no feedback mechanism means that there will be an unavoidable tilt between
the focal plane of the objective and the scanning plane of the SNOM head. We will discuss this tilt of
scanning plane with respect to the focal plane and its influence on the scanned images in next section.
When a light beam is focused by the objective onto the tip apex, some of it will be scattered while
others will be coupled onto the tip as plasmons. The back-scattered light from the tip apex is collected
by the same focusing objective and detected with a PMT that locates after the beam splitter on the
input beam path. We refer this signal to “back-scattered signal”, and the optical path for detecting this
signal is called as back-scattering arm. The coupled light (collected) into the plasmonic tip is detected

with another PMT simultaneously with the back-scattered signal. We call this signal “transmitted
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signal”, and the optical path for detecting this signal is called transmission arm. The in-coupled mode
in the fiber core of the plasmonic tip is also imaged on a CCD. With a thin film polarization analyzer,
the polarization resolved images of the in-coupled mode are obtained. These images will help us to

judge which mode is coupled into the fiber core of the plasmonic tip.
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Figure 25. (a) Experimental setup for measuring the transmitted and back-scattered light during a raster
scan with the plasmonic tip over a tightly focused linearly polarized Gaussian beam or radially polarized
beam. (b) Scanned images with the plasmonic tip for two different beams. The first column shows the
results from the back-scattering arm, and the second column is for the transmission arm while the first and
the second rows correspond to the radially polarized and the linearly polarized Gaussian focused beams,
respectively. (¢) Calculated absolute square of electric fields at the focal plane of the objective (LD EC
Epiplan-Neofluar 100x 0.75NA, Zeiss). The first and the second rows correspond to the radially polarized
and the linearly polarized Gaussian focused beams, respectively. Meanwhile the first column shows the
transverse fields, and the second column shows the longitudinal field. (d) Excited waveguide mode within
the fiber of the plasmonic tip when the tip apex is placed at the center of the focal spot of the radially
polarized beam. The yellow arrows indicate the transmission axis of the polarization analyzer. Adapted
from Reference 69.
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We can understand and predict the transmitted signal and its behavior as the interaction between the
tip apex and the local electromagnetic field of the focused beam at the focal plane. When the plasmonic
tip is brought at the focal plane of a tightly focused beam, due to the subwavelength apex size, the
longitudinal field of the focused beam will excite plasmons at the apex of the plasmonic tip that is
also longitudinally oscillating. This longitudinally oscillating local plasmons will become then a
source of the fundamental radially polarized Co-SP mode because only this mode exists at the apex
and supports such longitudinal field at the tip apex (see Section 2.5.1). The fundamental Co-SP mode
will propagate away from the tip apex toward the increasing tip radius, and at a certain tip radius, it
will resonantly excite the radially polarized waveguide mode in the fiber core of the plasmonic tip.
This process is illustrated in Figure 25a. The interpretation of the back-scattered signal is rather
complicated since it has to be thoroughly studied by changing the numerical aperture of the objective
lens, the tip apex’s shape and size, and the field distribution of the focal field. Thus, we will draw
conclusion based on our experimental parameters. In these experiments, we use plasmonic tips that

have coating thicknesses of about 100 nm and apex sizes of 250 nm and made of vortex fibers.

We raster scan over the focused radially polarized (1% row) and linearly polarized Gaussian (2™ row)
beams at the focal plane of the objective and present the experimental results in Figure 25b. In the
figure, the 1% and the 2™ columns show the back-scattered and transmitted signals, respectively. The
Gaussian beam is linearly polarized along the horizontal axis that is indicated with a yellow arrow.
For the radially polarized focused beam, we obtain a doughnut shaped pattern in the back-scattering
arm and a Gaussian-shaped pattern in the transmission arm. For the focused Gaussian beam, we obtain
a Gaussian-shaped spot in the back-scattering arm and a two-lobe pattern in the transmission arm. To
understand the measured results, we calculate the transverse (1% column) and longitudinal (2™ column)
field components of the focused radially polarized (1% row) and linearly polarized Gaussian (2™ row)
beams at the focal plane of the objective. In the calculation, we use the objective parameters that is
mentioned earlier and apply the formulas in References 145—147. The results are presented in Figure
25¢. By comparing Figure 25b and ¢, we can see that the back-scattered signals resemble the
transverse field components while the transmitted signals look like the longitudinal field component.
Based on these results, we can draw conclusions for the transmitted and back-scattered signals
separately. First, we conclude that the plasmonic tip detects the longitudinal field in transmission. This
conclusion is justified since the plasmonic tip has detected only the longitudinal field (2" row and 2

column in Figure 25b) of the focused Gaussian beam despite it is 10x weaker than the transverse field
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(2™ column in Figure 25¢). It has been shown that the plasmonic tip detects longitudinal field
regardless of the focused field’s strength and shape, the numerical aperture of the focusing objective,
and the apex size.'*® Keep in mind that the apex shape is a different matter. A round and parabolic
shaped tip apex follows the scenario in Figure 25a and detects the longitudinal field, yet a flat and
sharp-edged tip apex doesn’t detect any light in transmission.'*® Furthermore, the fibers that is used
in fabricating the plasmonic tip affect in its detection characteristics. Plasmonic tips made of single
mode fibers do not detect any light regardless of the tip apex shape'*® while the ones made of vortex
fibers, multimode fibers, or few mode fibers work fine, but the transmission efficiency differs
depending on the fiber. The plasmonic tips made of single mode fibers cannot work in transmission
because the excited longitudinal field at the tip apex becomes a source of the radially polarized
plasmonic mode that would resonantly excite the higher order radially polarized fiber mode in the
tapered fiber core. This higher order mode is not supported in the single mode fiber and thus cannot

propagate and reach the fiber end of the tip.

While the plasmonic always detects the longitudinal field in transmission, it is much more complicated
for the back-scattered signal that should be highly dependent on the apex size and the numerical
aperture of the focusing/collecting objective. The focused radially polarized beam has longitudinal
and transverse fields that are almost equal in strength (for 0.75 NA) as it is shown in the 1% row of
Figure 25c. Thus, the total field should be a large Gaussian-like pattern with a maximum intensity at
the center. Despite this fact, we detect a doughnut shaped pattern with a minimum intensity at the
center in the back-scattering arm as it is shown in the 1% row of Figure 25b. Consequently, we can
deduce that the back-scattered signal (collected by 0.75 NA objective) from the tip apex with a
diameter of 250 nm is mostly composed of the transverse fields. At this point, we cannot say that the
plasmonic tip doesn’t scatter the longitudinal field because there can be many reasons for its absence.
One reason of only detecting transverse fields could be that although the longitudinal field is scattered
by the tip apex, the objective is not being able to collect it. We can anticipate that the longitudinal
field at the apex will radiate back at a larger angle (like a longitudinal dipole as shown in Figure 25a)
so it cannot be collected efficiently by an objective that has a numerical aperture of 0.75 or below
compared with the transverse field components. Another reason can be that the tip apex size is so
large that it interacts only weakly with the longitudinal field. Due to this weak interaction, the reflected
longitudinal field is also weaker in strength than the transverse field components. Thus, one cannot

see it in the back-scattered signal. It is known that sharp tips like AFM tips scatter (< 50 nm) only the
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longitudinal field to all direction including the backward direction that is opposite to the incoming
light path.'>® Hence, with these measurements, we can only conclude that the transverse fields will be
detected in the back-scattering arm for a plasmonic tip with an apex size of > 150 nm and a numerical
aperture of the objective that is < 0.75. It is also evident that the metallic tip’s scattering characteristics
are complex and depends on collection direction (back-scattering or side-scattering), collection
volume (numerical aperture of the imaging objective), focal fields (radially polarized or linearly

polarized), the apex size and shape etc.

Finally, we want to image the in-coupled mode in the fiber core of the plasmonic tip when the tip apex
locates at the focus of the focused radially polarized beam. We move and locate the plasmonic tip
apex at the maxima of the image in 1% row and 2% column of Figure 25b by using the NOVA software
and image the in-coupled mode. The polarization resolved images of the in-coupled fiber mode is
presented in Figure 25d where the yellow arrows indicate the transmission axis of the polarization
analyzer. As we can see in the image, the two-lobe patterns are aligned along the transmission axis of
the analyzer in all 4 cases, and this behavior is unique to the radially polarized modes. Consequently,
based on the experimental results, we confirm the validity of our scenario in Figure 25a. The focused
radially polarized beam did excite the longitudinal field at the apex that, in-turn, becomes the source
of the radially polarized Co-SP mode. The radially polarized Co-SP mode then resonantly excites the
radially polarized fiber mode in the fiber core of the plasmonic tip that can be measured and imaged

at the fiber end of the plasmonic tip.

4.1.2 Effect of tip tilt with respect to the focal plane

Since the tip is scanning in air without a feedback mechanism of the SNOM head, the scanning plane
of the SNOM head and the focal plane are not necessarily parallel. The SNOM head has three legs:
one motorized leg for approaching the sample surface and two mechanical legs for adjusting the height
of the tip in general. The tilt is inherited from the adjustment of these three legs of the SNOM head.
These three legs can only be roughly adjusted so there exists some tilt introduced by these legs’ height
differences. Such tilt will influence the detected images by the plasmonic tip during scanning over the
focused beam. Note that this tilt is different from the plasmonic tip’s tilt that has been discussed in
Section 3.3 where the tip is tilted due to the way the tuning fork is mounted onto the SNOM head and
also the way the plasmonic tip’s glued on the tuning fork. Here, the SNOM head as a whole is tilted

resulting in a tilt of the scanning plane (x'y’ plane) with respect to the focal plane (xy plane) of the
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Figure 26. (a) Schematics of the scanning plane’s tilt with respect to the focal plane of the imaging
objective. (b,f) Calculated absolute squares of transverse (b) and longitudinal (f) electric fields at the focal
plane of the objective (Zeiss LD EC Epiplan-Neofluar 100x 0.75NA). The Gaussian beam is polarized
along x-axis as it is shown in (f) where the two lobes are oriented along x-axis. The two lobes rotate with
the input beam’s polarization axis. (c-€) Scanned images measured in the back-scattering arm. (g-i) Scanned
images measured in the transmission arm. In (b-i), two figures in the same columns are obtained from one
measurement where the input beam’s polarization axis is indicated on top of each column. Judging by the
two-lobe patterns in (g-i), we can conclude that the scan plane is tilled in y-axis and leveled in x-axis.
Adapted from Reference 69.

objective as illustrated in Figure 26a. We investigate the effect of the scanning plane’s tilt on the
formed images (on X'y’ plane) by scanning over a linearly polarized Gaussian beam at different input
polarizations. We place a lambda half plate on the input beam path and rotate it incrementally at a

step of 22.5° so that the input polarization is rotated by 45°.

The calculated absolute square of the electric field of the focused Gaussian beam is presented in
Figure 26b and f that are for the transverse and the longitudinal field components, respectively. The
measured images in the back-scattering arm are shown in Figure 26¢-e while the measured images in
the transmission arm are presented in Figure 26g-i. In these figures, each column corresponds to the
measured images from one experiment where the input beam polarization is indicated with a black
arrow on top of each column. If Figure 26b is compared with Figure 26c-e, there is not much change,
and thus we cannot say if there is any tilt in the scanning plane. This is because the tip is always
aligned at the center of the scanning plane so the deviation of the scanning plane from the focal plane
is none at the center and becomes larger toward the edge. The transverse field component’s shape is
so small that the deviation of the scanning plane from the focal plane is not noticeable. However, it is
different for the longitudinal field component that has a two-lobe pattern. If we look at Figure 26g-i,

the two-lobe pattern rotates with the input beam polarization axis, and it is symmetric in Figure 26g
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and is not in Figure 26h and i. One lobe of the two-lobe pattern is hardly visible in Figure 26i. Since
the pattern is symmetric along x-axis and asymmetric along y-axis, we can deduce that the scanning
plane is tilted along y-axis and leveled in x-axis. For the Gaussian beam, the two-lobe pattern of the
longitudinal field is sensitive to the tilt of the scanning plane. The two lobes of the longitudinal field
are extended over larger area than the Gaussian spot of the transverse fields. Thus, toward the edge of
the scanning plane, the tip apex is farther away from the focal plane, and the detected light is weaker
in intensity. In case of the radially polarized beam, the doughnut shaped transverse field will be

influenced by the tilt of the scanning plane for the same reason as it can be seen in the 1% row and 1%

column of Figure 25b.

4.2 Fluorescence near-field measurements with plasmonic tips

In this section, we use fluorescent beads as study samples and explore the near-field detection

characteristics of plasmonic tips. By doing so, we aim to demonstrate the plasmonic tips’ ability in

SNOM applications.
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Figure 27. (a) Experimental setup for measuring the fluorescent near-fields. A linearly polarized Gaussian
beam, at a wavelength of 645 nm, is used as an excitation source and is focused by a high NA objective
(UPlanSApo 60x, 1.2NA, Water immersion, Olympus). There are two scanning possibilities that arewith
the SNOM head and the sample piezo stage. The SNOM head is used to locate the focus spot and position
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Experimental setup. In Figure 27a, we illustrate the experimental setup for investigating fluorescent
near-fields with the plasmonic tip. In the experiments, we use plasmonic tips that are made of vortex
fibers and have a gold coating thicknesses of about 50 nm. The tip apex sizes (diameter of curvature)
are about 200 nm for such plasmonic tips. As a study sample, we use fluorescent beads (Sky blue FP-
570-02, Kisker biotech) with a mean size of 60 nm. The fluorescent beads have a maximum absorption
at a wavelength of 650 nm while the maximum emission is at a wavelength of 700 nm."*! As an
excitation source, we use a diode laser at a wavelength of 645 nm that emits a linearly polarized
Gaussian beam. In the experiments, we use a laser beam power of about 200 pW (measured before

the objective) to prevent photobleaching of the fluorescent dyes.

The liquid buffer containing the fluorescent polystyrene beads is deposited on a glass substrate and
spread over the substrate evenly to achieve isolated fluorescent beads. As shown in Figure 27a, the
sample substrate is placed on a piezo scanning stage (P-541.2CL, Physik Intstrumente) and is
illuminated from bottom with a water immersion objective (UPlanSApo 60% 1.2NA Water immersion,
Olympus). The SNOM head is placed above the sample substrate so the plasmonic tip can approach
from above to the sample surface where the fluorescent beads are located. The experimental setup has
two scanning schemes: the SNOM head scanning and the sample stage scanning. The SNOM head is
used to scan with the plasmonic tip over the sample, to locate the focus spot, and eventually to place
the tip at a certain position of the focus spot. Once the tip position is fixed with respect to the focus
spot, the piezo stage holding the sample scans to obtain the optical and topographic images of the
fluorescent beads. Furthermore, there are three optical detection channels that measure the back-
scattered and the transmitted lights. The back-scattered light is measured with a PMT, and then the
detected signal is lock-in amplified where the tuning fork’s resonance frequency is used as a reference
signal for the lock-in amplifier (7270 DSP, Ametek). An optical filter and a dichroic mirror are placed
in front of the PMT for filtering out the laser operation wavelength: a laser rejection filter (Omega
optical) that blocks wavelengths of 620 — 650 nm and a dichroic mirror (650DRLP, Omega optical)
that has cutoff wavelength at 660 nm. Meanwhile, the transmitted light coupled into the plasmonic tip
is measured with two detectors with and without spectral filtering. The transmitted light is divided
into two channels via fiber-coupler with an intensity ratio of 10% to 90%. The arm with 10% of the
transmitted light is measured by a PMT without spectral filtering for imaging and locating the focal
spot as has been done in Section 4.1.1. Here, however, we scan over the focused beam in contact with

the glass substrate surface. The other arm with 90% of the transmitted light is coupled into a
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spectrometer/monochromator (HR320i, Horiba Scientific) via optical multimode fiber and then is
detected by a photon counter (Count-20c-fc, Laser Components) in combination with a photon
counting module (SR400, Stanford Research System). The monochromator has a transmission
efficiency of about 10%. The monochromator’s grating is scanned to obtain the fluorescence emission
spectrum of the fluorescent beads. We measure the fluorescence spectrum of the beads and present
the results in Figure 27b. The red curve shows the diode laser spectrum while the fluorescence
emission spectrum is illustrated in blue dots and a line that correspond to the measurement and its

fitted curve, respectively.

Results. Fluorescence near-field measurement results are presented in Figure 28. We bring the

plasmonic tip in contact with the substrate surface and scan with the tip over the focused beam. Since
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Figure 28. Fluorescent near-field measurements of the fluorescent beads obtained with a plasmonic tip. (a)
Topographic image. Fluorescent beads are labeled as A, B, and C that have diameters of 64 nm, 44 nm, and
36 nm, respectively. Normalized horizontal cross sections of the topographic image of beads A (solid), B
(dashed), and C (dotted) are shows as an inset. (b) Transmitted fluorescent signal detected by the photon
counter that is attached to the monochromator output. The monochromator is adjusted to transmit at a
wavelength of 700 nm. Normalized horizontal cross sections of the transmission image of beads A (solid),
B (dashed), and C (dotted) are shows as an inset. (¢) Back-scattered signal by the plasmonic tip apex. The
back-scattered signal is amplified with a lock-in amplifier, and thus the detected back-scattered signal
corresponds to the 1 order derivative of the original back-scattered signal where no signal corresponds to
0 and maximum to -1 and 1. (d) Fluorescence signal in transmission depending on the tip-sample distance.
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we use a linearly polarized Gaussian beam, we obtain a two-lobe pattern, like the ones presented in
Figure 26f. After this scan, we move the plasmonic tip and place it at the maximum of the longitudinal
field component (at the center of the one of two lobes) of the focused beam. Once we fix the tip
position with respect to the beam focus, we scan with the sample piezo stage and obtain both optical
and topographical images simultaneously. The topographic image is presented in Figure 28a. The
topographic image shows that the fluorescent beads are isolated and different in diameter that can be
identified accurately by the height scale. Three fluorescent beads are selected and labeled as A, B, and
C that have diameters of 64 nm, 44 nm, and 36 nm, respectively. Normalized horizontal cross sections
of the topographic image of beads A (solid), B (dashed), and C (dotted) are shows as an inset in Figure
28a. To determine the topographical resolution, a sharp edge is scanned the rise distance from the
minimum to maximum height is measured.'?>!>? Although we measured a sphere instead of a sharp
edge, we can still say that the topographical resolution with this plasmonic tip is at least 140 nm from
the inset in Figure 28a. As it can be seen in the inset, the measured lateral sizes of the beads, however,
are similar in size about 350 nm and are larger than the actual bead diameters. The reason is that this
measured lateral size is defined by the convolution of the contour curves of the bead and the tip apex,
and it will be larger than the bead diameter as long as the tip apex size (diameter > 10 nm) is much
larger than the bead diameter. When the bead diameter is small (diameter < 10 nm), the bead acts as
the scanning probe, and thus the measured topography of the bead reversely reveals the profile of the
tip apex. From the topographic image, we estimate that the tip apex size is about 260 nm in this
measurement. There are horizontal black lines next to the beads in the topographic image. These black

lines are artifacts created during signal processing (line averaging) and thus have no physical meaning.

Meanwhile, the optical near-field images are shown in Figure 28b and ¢ which correspond to the
measured transmitted and back-scattered signals, respectively. As we can see in the transmitted signal
image in Figure 28b, the three beads emit a relatively strong fluorescent signal that is distinguishable
from the background. Normalized horizontal cross sections of the transmission image of beads A
(solid), B (dashed), and C (dotted) are shows as an inset in Figure 28b where the edge resolution is
about 100 nm. Furthermore, the emission spot maximum corresponds to the center of the fluorescent
beads. The fluorescence emission spots from the three beads are similar in size that is about 190 nm,
yet they differ in count rate. The larger the bead size is, the more fluorescent molecules are contained
within the beads and thus the stronger the count rate will be. The transmitted fluorescence signal level

also depends on the tip-sample distance. We measure the transmitted signal while the plasmonic tip
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approaches a fluorescent bead with a diameter of about 100 nm and present the result in Figure 28d
where the dots represent the measured data and the line shows the fitted curve. The figure shows that
when the tip approaches closer to the bead, the transmitted fluorescence signal increases several times.
However, fluorescence molecules are well known to quench when the tip is too close to the
molecule.!>*!3* The graph in Figure 28d clearly shows that the signal decreases for a distance below
10 nm, yet it does not quite reach 0 because of the large bead size (diameter ~ 100 nm). Since the bead
contains thousands of molecules, some molecules are still sufficiently far away from the tip apex and
thus still fluoresce strongly without being quenched. In our case, we achieved a signal enhancement
of about 4 times when the tip-sample distance is about 10 nm for the plasmonic tip with an apex size
of about 260 nm. We expect that the enhancement will be greater if the apex size is small. It has been
shown that when a sharp AFM tip (apex size ~ 20 nm) is used in fluorescence and Raman spectroscopy

in s-SNOM configuration, the signal can be enhanced about 20 — 100 times due to the presence of the
153,154

tip
Figure 28c shows the back-reflected signal image where the emission patterns are quite different from
the transmitted one. The back-scattered signal is lock-in amplified where the tuning fork’s resonance
frequency (1% harmonic) is used as a reference signal. Hence, the detected back-scattered signal in
Figure 28c¢ corresponds to the 1% order derivative of the original back-scattered signal.!> The
normalized signal level ranges from -1 to 1 where 0 indicates no signal. Figure 28¢c shows that the
back-scattered signal is mostly detected from the two sides of the fluorescent beads and not from the
center of the beads as is the case for the transmitted signal image in Figure 28b. This pattern also
changes depending on the tip-sample distance. For these isolated beads, we can easily recognize the
bead emissions from each individual bead, but when the beads are clustered and close to each other,
the back-reflected signal image is not straightforward to understand. There can be different ways in
which the image is formed in the back-scattering arm. First, when beads are clustered together and
excited by a large illumination spot, multiple scatterings can happen between the bead and the tip and
among the beads and coherently interfere with each other.'**'>® Hence, the detected signal no longer
corresponds to the fluorescence emission from one bead that locates under the tip. Furthermore,
despite the two filters placed in front of the PMT, a small portion of the laser beam can be transmitted
through and detected by the PMT. This is possible because the lock-in technique is quite sensitive,
and the amount of the scattered light increases compared with the fluorescence signal due to the

multiples scatterers such as the tip shaft and the neighboring beads.'>*!3® Thus, the back-reflected
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signal can be a mixture of the fluorescent signal and the laser light. These are some of the reasons for

the general difficulty in interpreting the measured results in s-SNOM measurements.'>®158

Excitation and detection process in the presence of the plasmonic tip. As we have mentioned
earlier, the tip apex was placed at the maximum of the longitudinal field component of the focused
beam, and we obtained the results that are presented in Figure 28b and c. After this, we moved the
tip apex to the maximum of the transverse field components of the focused beam and repeated the
measurement. In such case, we did not detect any signal in transmission (not shown here). This does
not necessarily mean that there was no fluorescence signal. It is highly likely that the tip was not able
to detect the fluorescence emission from the bead due to the fluorescent bead’s excitation mechanism,
the tip’s detection mechanism, and/or the tip’s unique structure. To understand this absence of the
transmitted fluorescence signal, we need to identify processes through which the fluorescent beads

are excited and the emitted fluorescence signal is detected.

First, we need to look at the excitation mechanism of the fluorescent beads. As illustrated in Figure
29, the fluorescent beads can be excited in two ways: by the far-field illumination and by the localized
near-field at the tip apex. When a laser beam of certain frequency wo, which is within the fluorescent
molecule’s absorption spectra, is shined onto a fluorescent bead, the bead can be excited by the far-

field incidence beam (see Figure 29b). In this case, the total absorption efficiency of the fluorescent
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Figure 29. (a) Schematics of excitation and detection of fluorescence emission from a fluorescent bead
with a plasmonic tip. When the plasmonic tip apex is at near vicinity of a fluorescent bead, the emitted
fluorescence fields excite a longitudinally oscillating plasmonic field at the tip apex that in turn excites the
radially polarized plasmonic mode. The plasmonic mode propagates away from the tip apex and resonantly
excites the radially polarized photonic mode in the fiber core of the plasmonic tip at a certain tip radius.
The photonic mode reaches the fiber end of the tip and is detected by a photo detector. (b) Excitation of
fluorescent beads by incident beam. (¢) Excitation of fluorescent beads by localized near-field at the
plasmonic tip’s apex. (d) Detection of fluorescence emission from the fluorescent bead through excitation
of longitudinal field at the tip apex that becomes a source of radially polarized plasmonic mode.
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bead (No/A) is given by the ratio between the absorption cross section of the molecule (o) and the
area of the focused beam (A4) and multiplied by the total number of molecules within the bead (N).'>’
The absorption cross section of the molecule is defined by the nature of the molecule and thus cannot
be easily changed. Meanwhile, the far-field focused beam area is defined mainly by the focusing
objective’s NA. Consequently, this far-field excitation process is governed by the diffraction limit of
light and thus limits the absorption efficiency of the fluorescent molecule. Meanwhile, when the tip is
present above the fluorescent bead, the different electric field components of the focused beam are
expected to excite corresponding dipoles at the tip apex.!®’ Note that for sharp tips (apex size ~ 10
nm), only the longitudinal dipole can be efficiently excited at the tip apex.'*® Since these dipoles
interact and act back on the fluorescent bead that is in vicinity of the tip apex, the bead can be excited
by the near-field at the plasmonic tip apex (see Figure 29¢). In such case, the presence of the tip not
only modifies the absorption cross section of the molecule by reducing the fluorescence decay rate of
the molecule but also provides a localized hot spot for the excitation laser light where the spot size is
no longer limited by the diffraction of light but rather the tip apex size. Consequently, the absorption
efficiency of the fluorescent molecule can be improved when a sharp tip or a nano-antenna is used as
a mediator between the fluorescent molecule and the excitation laser light.!>*!3* Such tip or nano-
antenna enhanced fluorescence excitation can be orders of magnitude more efficient than the direct

far-field excitation.'®!162

Besides these two channels of fluorescent bead excitation, the excitation efficiency of each fluorescent
molecule in the bead also depends on the orientation of the fluorescent molecule with respect to the
exciting field polarization axis. The maximum excitation efficiency is only possible when the
molecule’s dipole orientation is aligned with the exciting field’s polarization axis. However, we use
fluorescent beads that have a mean diameter of about 60 nm, and thus, there is expected to be hundreds
of molecules per bead. Since hundreds of molecules are highly unlikely to be aligned with each other
within a bead like a crystal structure, we cannot approximate the fluorescent beads as dipoles. It is
safe to assume that a fluorescent bead is isotropic. Consequently, the fluorescent beads show no
preference to any particular field polarization. The emitted fluorescence field from such bead is also

expected to be somewhat unpolarized.

The detection efficiency by the plasmonic tip and the objective in the back-scattering arm, on the other
hand, is quite sensitive to field polarization axis. As we have shown in Section 4.1, the plasmonic tip

only detects the longitudinal field in transmission. Hence, the fluorescent field component that is
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parallel to the tip axis is detected in transmission. Such fluorescence field component excites a
longitudinally oscillating plasmonic field at the tip apex that becomes the source of a propagating
radially polarized plasmonic mode (see Figure 29d). Away from the tip apex at a certain tip radius,
the plasmonic mode resonantly couples to the fiber mode within the vortex fiber of the plasmonic tip.
While the plasmonic tip filters out the transverse field components of the fluorescent emission in
transmission, the tip reflects the transverse field components back to the objective (see Section 4.1)

that collects effectively the transverse field.

Despite the filtering of field components in transmission, this detection characteristic of the plasmonic
tip doesn’t explain why we had no fluorescent signal in transmission. In fact, once the isotropic bead
is excited, the amount of fluorescent signal that is transmitted through the tip is determined with
respect to the emitted fluorescent signal from the tip. The plasmonic tips’ preference to the
longitudinal field component is expected to affect the detection efficiency only when there is a single
molecule that has well defined dipole orientation. Hence, the only thing that is changing and
influencing the total transmission efficiency is the excitation condition. The longitudinal field is
effectively formed at the plasmonic tip apex due to its structure; therefore, the tip enhanced
fluorescence excitation is more effective when the tip is located at the maximum of the longitudinal
field rather than that of the transverse field component. This could be the reason why we could detect
efficiently the fluorescence signal when the tip is located at the maximum of the longitudinal field

component of the focused beam.

So far, we have demonstrated the plasmonic tip’s near-field detection mechanism in this section. We
believe that there are several ways to further improve the performance of the near-field detection with
plasmonic tips. First, the linearly polarized Gaussian excitation beam is not an ideal choice. Only a
small portion of the input beam power is translated into the measurable fluorescence transmitted signal
because about 20% of the total beam power is contained in the longitudinal field component for the
linearly polarized Gaussian beam focused by the given objective (UPlanSApo 60x 1.2NA Water
immersion, Olympus). Increasing the beam power would only result in photobleaching of the
fluorescent beads without significantly increasing the measured fluorescence signal level. One can
use a radially polarized beam instead since the longitudinal field (~50% of the total beam power) is
stronger for the focused radially polarized beam than the linearly polarized Gaussian beam. Second,
it is crucial to have plasmonic tips with small tip apexes (< 50 nm) for improving the quality of near-

field optical images. The smaller is the tip apex, the stronger is the longitudinal field at the tip apex.
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Having a strong and highly localized field at the tip apex shall improve the fluorescence excitation
efficiency; hence, the detection efficiency both in transmission and reflection should improve. Third,
it can be more efficient to use the plasmonic tip as an illuminating source to improve the signal to
background ratio (SBR) and reduce photobleaching of the molecules. In the current setup, the
transmission through the plasmonic tip always contains both the incident laser beam and the
fluorescence signal. Hence, we need not only a monochromator but also an optical filter to effectively
reduce the background laser light. Furthermore, since the transmitted fluorescence signal level
depends on the tip-sample distance, it requires several scans (each lasts ~20 minutes) to determine the
optimal height level in shear-force scanning mode. The exposure of the beads to the laser light during
each scan accumulates and reduces the fluorescence emission rate, eventually photobleaching the
fluorescent molecules. By illuminating from the plasmonic tip, we could reduce the illumination area
and duration so that the fluorescent beads would not be illuminated at all times and stay in the excited
state. Instead of a continuous wave laser, we can also use a pulsed laser and synchronize it with the
scan movement to reduce the excessive light exposure. Last but not least, one can exploit the strongly
localized field at tip’s apex to induce two-photon absorption of the fluorescence molecules to further
improve SBR (signal to background ratio) and reduce the photobleaching of the molecules. Assuming
the tip apex size is sufficiently small for the superfocusing to occur, we can achieve a hot spot at the
tip apex that is sufficiently strong to induce two-photon absorption for the fluorescent molecules.
Since such two-photon absorption will only occur when the molecule is in vicinity of the tip apex, the
molecules will be excited only when it is needed, and thus, the duration of time in which the molecule

is in the excited state will reduce. This will effectively increase the molecules’ longevity.
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5 Conclusions and outlook

In this thesis, we have analytically studied the guided modes in different fiber based SNOM tips,
experimentally explored the excitation and the detection characteristics of plasmonic tips. We have
started our study by analyzing analytically the modes in the fiber based SNOM tips to understand the
functionality of different fiber based SNOM tips. In a fiber based SNOM tip, purely linearly polarized
modes cannot exist since the waveguide is non-uniform in shape and has a high refractive index
difference between the core and the cladding. Since the linearly polarized mode approximation is no
longer valid here, we use the quasi-linearly polarized mode formalism. Within this formalism, the
hybrid modes can be decoupled into two degenerate quasi-linearly polarized modes, which are
orthogonal to each other. This analytical formalism offers deeper insight into the guided modes and

their field evolution during the propagation through the tapered region.

We first explored the dielectric tip or the tapered fiber tip that is the simplest of all fiber based SNOM
tips. We showed that as the fundamental hybrid photonic mode propagates toward the tip apex, the
field penetration depth into the surrounding medium increases, and the mode’s propagation constant
approaches that of the surrounding medium. These changes imply that the mode slowly leaks out of
the tip core and turns into a free space beam. Consequently, the field localization at the apex is not
efficient for the dielectric tip despite it offers the smallest apex size among all the fiber based SNOM
tips. The poor field confinement at the tip apex makes the dielectric tip a quite poor performer (poor
optical resolution and low signal to noise ratio) in SNOM measurements compared with other types

of fiber based SNOM tips.

The aperture tip, which is a tapered metal coated fiber with a small aperture at the apex, offers a better
field confinement at the tip aperture owing to the fundamental plasmonic mode’s nature. The
fundamental plasmonic mode doesn’t experience cutoff, and the mode size shrinks with the decreasing
core radius allowing the mode to adapt and fit into the metallic aperture without restriction in its

diameter. With decreasing core radius, the fundamental plasmonic mode also turns into a leaky mode
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so the field penetration depth increases in the dielectric core, and the field tails overlaps at the center
of the core resulting in a maximum field amplitude in the fiber core. Such change of field distribution
toward the tip aperture makes the plasmonic mode looking like a photonic mode and thus confuse
many to misidentify it as the photonic mode. Furthermore, the transverse field is always the dominant
one regardless of the core radius making the aperture tip mostly sensitive to the transverse field
components during SNOM measurements. Despite offering a better field localization at the tip
aperture, the aperture tip’s far- to near-field conversion efficiency is about 107% (for an Au coated
tip with a full cone angle of 20° and an aperture size of about 100 nm) or less depending on the coating
material, the taper angle, and the aperture diameter. The transmission efficiency of the aperture tip is
mostly limited by the increasing propagation loss of the photonic and plasmonic mode with the
decreasing core radius. The photonic mode, although initially excited at the fiber end of the tip,
becomes extremely weak in strength toward the mode cutoff and eventually dies off before reaching
the tip aperture. Meanwhile, the plasmonic mode is excited by the photonic mode with an efficiency
01 0.0001% and experiences smaller propagation loss (0.1%) than the photonic one and thus reaches
the tip aperture. Based on our modal analysis, we claim that the aperture tip is plasmonic in nature
contrary to the conventional SNOM paradigm where it was commonly believed that the evanescent

tail of the fundamental photonic mode dominates in the near-field at the aperture plane.

Meanwhile, the plasmonic tip, which is a fully metal coated tapered vortex fiber tip, provides a greater
improvement in the field localization at the tip apex and in the conversion efficiency from the far- to
near-fields owing to the superfocusing effect and the resonant coupling scheme. For the plasmonic
tip’s functionality, the radially polarized fundamental plasmonic mode at the outer metal layer
(surrounding medium-metal cladding) plays a crucial role since it is the one and only mode that gives
rise to the superfocusing effect. During the propagation toward the tip apex, the propagation constant
of the plasmonic mode increases so the effective wavelength of the plasmonic mode shrinks. Due to
this effect, the plasmonic mode becomes confined in the longitudinal direction in addition to the
natural transverse confinement of surface plasmon polaritons. Furthermore, the penetration depth of
the longitudinal field increases in the metal core with decreasing core radius, and thus the field tails
start to overlap in the metal core. This means that there will be an in-phase (due to the symmetric field
distribution of the radially polarized beam) free-electron oscillation in the metal core that enhances
the plasmonic field amplitude even more. Because of this effect and also the shrinking size of the
waveguide dimension, the field amplitude of the plasmonic mode increases as the mode propagates

toward the tip aperture. Together, the confinement of fields longitudinally and transversally and the
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enhancement of field amplitude result in a strong and highly confined field at the tip apex. The smaller
is the apex size of the plasmonic tip, the stronger is the superfocusing effects. The small apex size also
ensures a better topographic resolution. The radially polarized plasmonic mode at the outer metal
interface can be resonantly excited by the radially polarized photonic mode in the tapered fiber core
or vice versa for excitation and detection schemes in SNOM measurements. Unlike the low
transmission efficiency of the aperture tip, the conversion efficiency of the plasmonic tip can be as
high as = 90% depending on the coating thickness, the coating metal type, the taper angle, and the
operation wavelength. By employing the superfocusing effect and having a large power conversion
efficiency, the plasmonic tip has the potential to outperform other types of SNOM tips, both fiber
based SNOM tips and apertureless s-SNOM tips.

We fabricated plasmonic tips by using the vortex fiber, which has double ring cores for guiding safely
the radially polarized beams over a long distance, and explored experimentally their excitation and
detection characteristics. By carefully and selectively exciting only the radially polarized fiber mode
in the vortex fiber of the plasmonic tip, we showed that the radially polarized photonic mode
propagates and evolves adiabatically in the plasmonic tip keeping its polarization state. We also
showed that when the radially polarized plasmonic mode reaches the tip apex, it emits to the side and
as well as to the front. The tip’s front emission is shown to be doughnut shaped and radially polarized
whilst the side emission of the tip apex is polarized along the tip axis. Since such characteristics are
unique to the fundamental radially polarized plasmonic mode, these far-field emissions prove that the
fundamental radially polarized plasmonic mode, that has the superfocusing capability, is indeed
successfully excited. The plasmonic mode and its excitation depends on the surrounding medium since
the mode is at the outer metal interface. By immersing the tip in different liquids and probing the tip
emission, we demonstrated that the plasmonic tip’s coupling efficiency and the field confinement can
be improved in optically dense media. Such effect can be used for optical tweezing and trapping
applications in liquid environments. We also measured the plasmonic tip’s apex near-field by exciting
surface plasmon polaritons on a planar gold surface, scattering them with an annular grating, and then
imaging the scattered surface plasmon polaritons with a microscope objective. The measurement
results showed that the plasmonic tip excites planar surface plasmon polaritons to all radial directions
indicating that the field at the tip apex is longitudinally oscillating along the tip axis. Due to this
longitudinal field at the apex, the plasmonic tip also detects the longitudinal field in a transmission
scheme. We demonstrated this characteristic by scanning over tightly focused linearly and radially

polarized beams. Such behavior is very different from the aperture tip that detects and excites mostly
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the transverse fields. Lastly, we explored the plasmonic tip’s detection ability in the near-field by
scanning over fluorescent beads and measuring the fluorescent signals with the plasmonic tip. By
selectively exciting the fluorescent beads either by the longitudinal or by the transverse field of the
focused Gaussian beam, we demonstrated that the tip and the longitudinal plasmonic field at its apex
act back on the beads improving the absorption of the fluorescent beads and thus the fluorescence

emission.

So far, we have presented a detailed analytical and experimental study on the plasmonic tip’s
functionality and the excitation and detection characteristics. The plasmonic tip is at its early
development stage and can be further improved in its performance significantly by sharpening its tip
apex further below 50 nm. However, at the current stage, we would still like to compare its
performance with other conventional SNOM tips and discuss where it stands in terms of its
performance capability. Among many different criteria, the most important ones, that determine the
SNOM measurements’ quality, are the optical and the lateral topographical resolutions, the near-field
contrast from background or the signal to background ratio, and the far- to near-field conversion
efficiency. First, with the current state of the art technology, the best optical and lateral topographical
resolution can be obtained with the AFM based s-SNOM where the tip size is about 20 nm so the both
resolutions are about 50 nm. Meanwhile, they are worst with the conventional circular aperture tip
(topographical resolution > 300 nm and optical resolution > 100 nm). The plasmonic tip stands
somewhere in between (topographical resolution = 150 nm and optical resolution = 100 nm). Second,
the near-field contrast and signal to background strongly depend on the sample that is being
investigated and the experimental configuration. Although the physical background signal is huge
compared with the near-field signal from the tip, the AFM tip in s-SNOM offers a better contrast by
employing sophisticated background suppression techniques such as heterodyne, pseudo-heterodyne,
cross-polarization etc. However, when studying clustered particles or propagating surface plasmon
polaritons, the interference between the scattered light and the incident light can make the
interpretation of the measured image difficult for the AFM tip in s-SNOM. While the conventional
aperture tip is not well known for its optical resolution and contrast, it can offer a better near-field
contrast in such cases. In certain experimental configuration, the plasmonic tip can potentially offer
better or similar optical contrast as the AFM tip in s-SNOM without employing sophisticated
background suppression techniques. Lastly, the far- to near-field conversion efficiency is expected to
be greatest for the plasmonic tip (as high as 70%) that is at least several orders of magnitude larger

than both aperture tip (less than 10°%) and AFM tip in s-SNOM (less than 1%). The far- to near-field
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conversion efficiency is worst for the aperture tips due to the strong absorption of the photonic mode
by the metal cladding. In general, the plasmonic tip offers a simple (no need for more instruments to
suppress background light) and easily accessible (fiber in- and out-coupling) experimental condition

at the cost of moderate to good enough optical and topographical resolutions.

Nevertheless, there is more to be done to exploit the full potential of the plasmonic tip especially the
superfocusing effect in SNOM measurements. The most important next step is the sharpening of the
tip apex (in our case was normally larger than 150 nm) down to 50 nm or below since every aspect of
plasmonic tip’s performance depends on the apex size. The superfocusing effect itself occurs below
the tip radius of about 50 nm for a gold coated plasmonic tip operating at a laser wavelength around
800 nm. Once a small tip apex size is achieved, there are many interesting applications for the
plasmonic tip. Single molecules and particles can be studied with great versatility. Fluorescent and
Raman spectroscopy with sharpened plasmonic tips are expected to be as good as or even better than
the ones performed with s-SNOM. Furthermore, instead of the conventional far-field excitation, we
can employ the plasmonic tip as both a local source and a detector by introducing a decoupling
mechanism in the input beam path where the light is coupled into the vortex fiber of the plasmonic
tip. This experimental scheme would reduce the laser exposure time of the fluorescent molecules or
dyes so reducing the possibility of photobleaching. Since the excitation and detection process of the
fluorescent molecules will employ the superfocusing effect, this could result in huge improvements
in measurements’ resolution, signal to noise ratio, contrast, and detection efficiency. Furthermore,
single molecules and nanoparticles can be studied spectrally and temporally with the plasmonic tip.
The presence of the tip or the substrate is expected to alter the molecular energy diagram so both the
emission spectrum and relaxation decay time of a molecule can be different than for the case where
the single molecules are isolated and excited by a far-field focused beam. By using the plasmonic tip
as a tweezer in a liquid environment, one can trap and levitate a single nanoparticle at the tip apex to
study its characteristics without the influence from the substrate. Tip enhanced Raman spectroscopy
(TERS) is another interesting application for plasmonic tips. During TERS measurements, the
plasmonic tip might preferentially enhance and detect certain vibrational states depending on the
molecular orientation with respect to the tip axis. Currently, our plasmonic tips are glued to a tuning
fork and scan over a sample in the shear force mode which offers the possibility of measuring the
optical near-field signal in the constant height mode and thus is good for fluorescence and Raman
measurements. However, in the shear force mode, the feedback measurement for controlling the tip-

sample distance is not as sensitive as that of the tapping mode operation. For a sharp plasmonic tip
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with a small and sharp tip apex, it can be advantageous to operate in the tapping mode since it requires
more sensitivity to prevent the tip apex from damage during the scanning and landing on the sample.
One could explore a way of producing bent plasmonic tips that would enable the tapping mode

operation and study their excitation and detection characteristics during SNOM measurements.

Overall, we would like to emphasize the high potential of plasmonic tips for scanning near-field
optical microscopy and spectroscopy applications, and we hope that this thesis can be a valuable

contribution to the field of high resolution and highly efficient scanning near-field optical microscopy.
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6 Zusammenfassung

In dieser Arbeit untersuchen wir analytisch und experimentell plasmonische Tips, die vollstindig
metallbeschichtete getaperte Vortex-Faserspitzen fiir die optische Nahfeldmikroskopie sind.
Verglichen mit anderen Typen von faserbasierten SNOM-Tips liefert die plasmonische Tips eine
Verbesserung beziiglich der Feldlokalisierung am Ende der Spitze und beziiglich der
Umwandlungseffizienz von den Fernfeldern zu den Nahfeldern, was die besondere Eigenschaft der
radial polarisierten Plasmon Polaritonen auf der konischen und metallischen Spitze und dem
resonanten Kopplungsprozess von Plasmon Polaritonen zu Fasermoden entspringt. Aufgrund der
schrumpfenden Grofe des Spitzendurchmessers in Richtung des Apex nimmt die effektive
Wellenldnge des radial polarisierten plasmonischen Mode ab, wodurch das plasmonische Feld
zusitzlich zur natiirlichen transversalen Lokalisierung der Oberflaichenplasmonenpolaritonen in
Langsrichtung lokarlisiert wird. Dariiber hinaus nimmt die Feldamplitude des plasmonischen Mode
durch die phasengleiche Oszillation der freien Elektronen gases im Metallkern und die schrumpfende
GroBe der Wellenleiterdimension zu. Die 3-dimensionale Eingrenzung des elektromagnetischen
Feldes und die Erhéhung der Feldamplitude fithren zu einem starken und lokalisierten Feld an der
Spitze. Dieser Effekt wird als Plasmon-Superfokussierungseffekt bezeichnet und tritt nur fiir den
radial polarisierten plasmonischen Mode auf, der durch den radial polarisierten Fasermode im

Faserkern der Spitze resonant angeregt werden kann.

In den Experimenten stellten wir plasmonische Spitzen mittels der Vortex-Faser, die einen
Doppelringkern hat, her und legten ihre Anregungs- und Detektionscharakteristika offen. Mittels
selektiver Anregung der radial polarisierten Fasermode in der Vortex-Faser der plasmonischen Spitze
und mittels Analyse der Fernfeldemissionsbilder des Spitzenendes zeigten wir, dass die fundamentale
radial polarisierte plasmonische Mode, die superfokussierende Eigenschaft hat, tatséchlich erfolgreich
anregbar ist. Durch Immersion der Spitze in Fliissigkeiten mit unterschiedlicher Brechzahl und Testen

der Spitzen-Emission demonstrierten wir, dass die plasmonische Spitzen-Kopplungseffizienz und die
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Feldbegrenzung in optisch dichten Medien weiter verbessert werden kann. Wir sondieren auch das
Nahfeld des Endes plasmonischer Spitze mit einem Ringgitter auf einer ebenen Goldoberflache. Die
Ergebnisse zeigten, dass die plasmonische Spitze planare SPP-Moden in allen radialen Richtungen
anregt, was darauf hinweist, dass das Feld am Ende der Spitze longitudinal entlang der Achse der
Spitze oszilliert. Aufgrund dieses longitudinalen Feldes am Ende detektiert die plasmonische Spitze
auch das longitudinale Feld in Transmission, was durch Scannen iiber eng fokussierte, linear und
radial polarisierte Strahlenbiindel gezeigt wurde. Letztlich charakterisieren wir das Nahfeld von
fluoreszierenden Kiigelchen mit der plasmonischen Spitze und zeigten, dass die Spitze und das
longitudinale Feld an ihrem Ende auf die Kiigelchen zuriickwirken, was die Absorption der

fluoreszierenden Kiigelchen und somit die Fluoreszenzemission verbessert.

Insgesamt mochten wir das hohe Potenzial der plasmonischen Spitzen filir die optische
Nahfeldmikroskopie und Spektroskopie betonen und hoffen, dass diese Arbeit einen wertvollen
Beitrag zum dem Gebiet der hochauflosenden und hocheffizienten optische Nahfeldmikroskopie

liefert.
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A Symbols, constants, and conventions

HY () Hankel function of the 1% kind of m-th order where r is a variable

Jm(r)  Bessel function of the 1% kind of m-th order where r is a variable
Coupling constant that is described by the overlap integral of the individual mode’s

82
field profile

E, Longitudinal electric field

E, Transverse electric field

A Field amplitude

E; j electric field component

H

; j magnetic field component

ko Free-space wavenumber

n Refractive index of a medium [

u Coupling coefficient that describes the coupling strength from the mode 1 to the
122 mode 2

B’ Real part of the propagation constant

B Imaginary part of the propagation constant

o Vacuum permittivity

& Dielectric constants of a medium [

Nx Coupling coefficient of the mode x

Ao Free-space wavelength

Uo Vacuum permeability

&we Power of the mode x

Po Waveguide core radius

v Propagation constant difference rate per unit length

A Field amplitude

B Field amplitude

C Field amplitude

D Field amplitude

P Total time averaged power

T Power conversion efficiency
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ELLC DV = DN T®™N + Q= Q

Waveguide core radius

Tip radius

Coating thickness

Time

Height axis

Propagation constant or the wavevector along z-axis
Transversal wavevector in the cladding
Transversal wavevector in the core
Tapering angle

Azimuthal mode number

Radial axis

Azimuthal axis

Phase constant

Angular frequency
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B Abbreviations

3D Three dimensional

AFM Atomic force microscopy
CCD Charge coupled device
CoSP Conical surface plasmon
DUV Deep ultraviolet

EUV Extreme ultraviolet

FIB Focused ion beam

FWHM  Full width half maxima
MFM Magnetic force microscopy
NA Numerical aperture

OAM Orbital angular momentum

PALM Photoactivated localization microscopy
PMT Photomultiplier tube

SBR Signal to background ratio

SEM Scanning electron microscopy

SIM Structured illumination microscopy
SNOM Scanning near-field optical microscopy
SNR Signal to noise ratio

SPM Scanning probe microscopy

SPP Surface plasmon polariton

s-SNOM  Scattering SNOM

STED Stimulated emission depletion microscopy
STM Scanning tunneling microscopy

STORM  Stochastic optical reconstruction microscopy
TE Transverse electric

TERS Tip enhanced Raman spectroscopy

™ Transverse magnetic

uv Ultraviolet
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