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1. Introduction

Scanning near-field optical microscopy (SNOM) has become a microscopy tool of
paramount importance for nanostructure investigation in different fields ranging from
material to life science. In fact, such technology combines the advantages offered by classical
optical microscopy with high resolution typical of scanning probe microscopy (SPM) [1,2].
More specifically, it allows overcoming the diffraction limit by exploitation of the non-
propagating evanescent waves in the near-field zone, which are not retrieved in
conventional optical microscopy. Still it retains some important features of this technique,
e.g. the possibility to carry out real time observation of the sample in its native environment
in a non-invasive way and with little sample preparation and, more importantly, the
availability of a wide variety of contrast mechanisms, like polarization, absorption and
fluorescence. Such advantageous characteristics are usually not affordable with non-optical
scanning probe techniques, which require more awkward sample preparation and provide
little information on non-morphological properties of the sample. On the other hand,
similarly to SPM, SNOM enables to get also high resolution information on sample
topography by scanning a sharp probe in the region of interest of the sample and using a
non-optical short range interaction between the probe and the sample to control probe-
sample distance. Hence, SNOM allows getting nano-scale insight into a specimen, casting
light on both topographic and optical properties of the sample.

As suggested by the name itself, optical properties of SNOM rely on the near-field
interaction between the probe and the sample: the probe can be used for near-field
excitation of the sample, whose response is collected in the far-field or to detect the near-
field response of the sample broadly illuminated in the far-field or for both. Independently
of the specific excitation/detection scheme, a crucial role in the ultimate attainable optical
resolution is played by the probe itself, whose design, modelling and optimization has been
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100 Plasmonics — Principles and Applications

encouraged by a vast wealth of numerical methods, shedding light into the optical
behaviour of the probe at very small scales.

The best known probe configuration, used by the pioneers of SNOM, is the so-called
aperture probe, which is still commonly used today [1,3,4]. Such a structure is based on a
metal-coated tapered dielectric (typically an optical fiber) with an aperture left at the very
apex. In this case, resolution is mostly dictated by the size of the aperture, which cannot be
decreased at will not only because of technological limits, but also due to the dramatic
slump in signal throughput with decreasing aperture size. The latter cannot be simply
improved by increasing the input power because of the potential risk for thermal damage.
Significant heating can occur as a consequence of multiple back-reflections from the taper
and metal absorption, resulting in aperture expansion, tip contraction and elongation,
possible partial detachment or even breakdown of the metal layer due to mechanical
stresses arising from the different thermal expansion coefficients of the fiber and the metal
coating [1,5-7]. All these phenomena inherently cause degradation of the probe behaviour
and impose severe limits on the injected power.

Another major factor influencing the performance of aperture probes is the taper cone angle.
In fact, such probes can be viewed as a tapered hollow metal waveguide filled with a
dielectric, in which the mode structure changes as a function of the characteristic dimension
of the dielectric core [8]. Guided modes run into cut-off one after the other as the diameter
decreases, until, at a well-defined diameter, even the last guided mode, the fundamental
HE11 mode, runs into cut-off; for smaller diameters of the dielectric core, the energy in the
core decays exponentially because of the purely imaginary propagation constant of all the
modes [1]. The amount of light that reaches the probe aperture depends on the distance
separating the aperture and the HEu cut-off diameter: the larger the opening angle of the
tapered structure, the better the light transmission of the probe is, as the final cut-off
diameter approaches the probe apex [1].

Taper profile depends of course on the adopted fabrication method: for fiber-based probes,
two main approaches are used for taper formation, either fiber heating and pulling
(consisting in locally heating the fiber using a CO:z laser and subsequently pulling apart the
two parts) and chemical etching (which basically consists in dipping the fiber in a HF
solution with an organic overlayer) [1,2]. The second approach usually results in shorter
tapers, i.e. larger opening angles, beneficial for higher signal throughput in spite of a higher
surface roughness, which can be reduced by resorting to some variants of the etching
process like the so-called tube etching process. Even shorter tapers can be achieved by using
the selective etching methods in which the different etching rates of the core and the
cladding of the fiber are exploited to get probes in which only the core of the fiber is
tapered, resulting in tapered length of few micrometers against the hundreds of
micrometers of fibers produced by different techniques. The following steps consist in metal
deposition (by thermal or e-beam evaporation or sputtering) and aperture formation, which
can be done either by exploiting shadowing effects during metal evaporation or by
punching or with focused ion beam (FIB) milling [1].
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Several attempts have been carried out to overcome the fundamental limitations of aperture
probes, i.e. poor throughput and poor resolution. Two main routes have been followed to
improve their performance, i.e. optimization of the taper profile and of the aperture shape.

As pointed out earlier, chemical etching leads to an advantageous reduction of the overall
taper length and a better control of the overall taper shape. Using selective chemical etching,
probes based on multiple tapers like the double taper, the triple taper and the steeple-on-
mesa taper profiles have been realized: the goal of these structures was to benefit from the
advantages of large taper angles in signal throughput at least for part of the probe because
the use of a single taper with a large taper angle would not be convenient during approach
to the sample [9-13]. An asymmetric edged probe with a sharp edge at the foot of the conical
taper has shown to improve the transmission of HE11 mode with proper linearly polarized
excitation along the direction of the asymmetry [14]. Also the taper profile of probes
produced by heating and pulling has been optimized: for this fabrication process the overall
probe profile can be varied by controlling some process parameters; parabolic profiles have
shown to give rise to higher throughput compared to conical profiles [15]. Theoretical
studies have been carried out to assess the influence of taper profile on probe performance
to determine optimal shapes in terms of throughput: for example, structures based on the
alternation of conical and cylindrical sections or analytical expressions for improved taper
profiles have been proposed as well as corrugations at the interface between the dielectric
core and the metal coating or on the external metal coating; in the latter two cases, the
increase in the throughput is due to the exploitation of surface plasmon polaritons (SPPs)
[16-19].

Another route followed for the improvement of the performance of aperture probes has
been the implementation of other aperture shapes different from the typical circular design:
rectangular, square, slit, elliptical, C-shaped, I-shaped or dumbbell, H-shaped, bowtie,
connected and separated double aperture, triangular, rod hole and tooth hole, gap apertures
have been analysed and/or fabricated in fiber- and cantilever-based probes [20-28]. The
improved throughput and field localization for some preferential input polarizations is due
to the strong asymmetry of such aperture shapes and to the excitation of SPPs.

Despite the efforts in the optimization of the aperture probe to overcome its fundamental
limits in throughput and resolution, the current design of aperture probes is not able to
sustain routinely ultrahigh resolution imaging because of the limit of the skin depth of the
metal coating that increases the effective aperture size, thus making the field distribution at
the aperture significantly larger than its physical size [29]. Better throughput and resolution
are expected if an apertureless metal or fully metal-coated probe is used, due to the
combination of electrostatic lightning rod effect and surface plasmon excitation for proper
illumination conditions. For example, due to the lightning rod effect, strong enhancement is
expected at the tip apex, even though a real probe apex does not represent a real singularity
(i.e. not defined first and second order derivatives) because of the finite conductivity of real
metals and the finite tip radius [29]. In the next paragraph, we will see how plasmonic
effects in apertureless probes can be used to get high resolution.
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2. Nanofocusing in SNOM probes: The axisymmetric structure

Apertureless probes represent a promising alternative probe configuration. The
fundamental problem with such probes is given by the fact that they are usually illuminated
externally either by a focusing lens or using a prism-based total internal reflection
configuration, resulting in a strong background due to far-field illumination, which could be
detrimental for some sensitive samples and can be reduced only partially by on-axis
illumination [30]. In order to reduce such background some groups have envisaged different
solutions like far-field excitation of SPPs at the wide end of a tapered metal nanowire by
using grating geometry: such SPPs propagate towards the apex of the nanowire leading to
nanofocusing, that is delivery and concentration/focusing of the optical energy at the
nanoscale, which means a region much smaller than the dimensions allowed by the
diffraction limits [30,31].

Nanofocusing in metal tapered nanorods has been theoretically studied starting from the
analysis of the SPP modes of a plasmonic waveguide consisting of a metal nanowire whose
axis coincides with the z axis and whose dielectric function ¢, () is uniform in space with

@ being the excitation angular frequency; the wire is surrounded by a dielectric with
dielectric function ¢; [31]. The three fundamental SPP modes supported by a metal

nanowire are the transverse magnetic TM mode and two hybrid modes HE: and HE: (Figure
1). Note that we adopted this notation to indicate the modes, although the classification in
TMon (or TMn), TEon (or TEn), HEmn, EHmn (Where m is related to the angular symmetry and n
to the radial variation of the mode) commonly used for circular dielectric wires might still
be extended to circular metallic wires. Moreover, we considered the modes with lower
losses.

()|

(2) (b) (©) (d)

Figure 1. Sketch of: (a) fully metal probe; normalized electric field distributions of (b) TM plasmon
mode, (c) HE: plasmon mode, (d) HE2 plasmon mode.

The TM SPP mode can exist for arbitrarily small diameters of the nanowire and, hence, has
been shown to be suitable for nanofocusing. This mode is axially uniform and is
characterized by a magnetic field having only ¢ component; both electric and magnetic
fields are independent of ¢. Assuming that the radius R(z) of the nanowire is a smooth
function of z (which decreases from microscale to nanoscale for z going from large negative
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values to zero), the so-called eikonal or Wentzel-Kramers-Brillouin (WKB) or quasi-classical
or geometric optics approximation can be applied to study the SPP modes and back-
reflections can be neglected [31]. In order to study their propagation in a tapered metal rod,
one can use a staircase approximation and interpret the taper as a series of cylindrical
nanowires with smoothly decreasing diameters. The effective index g (R) =g (R( Z)) for

the TM mode of the plasmonic waveguide at a point z can be determined from:

iKl(KdR)_I_g_mIl(l(mR) ) O
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where I, and K, are the modified Bessel functions of the first and second kind,
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gets the solutions for the SPP modes. For a thick wire (k,R >>1), the solution is the same as

for a flat surface:
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For a thin, nano-scale radius wire (k,R<<1) one gets approximately with logarithmic

precision [31]:
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where y=0.57721 is the Euler constant. From the previous expression it can be inferred that

at the tip (k,R—0), Mo =22 ; therefore, the wave number increases and the SPPs

asymptotically stop as both the phase and group velocity tend to zero because they are both
proportional to k,R [31]. Besides, the study of the propagation of the SPPs through the

tapered metal rod carried out with the staircase approximation has revealed an anomalous
increase in the SPP field amplitudes, as SPPs approach the tip, because the electric field
3

varies as « R 2 [32]. As a consequence, the simultaneous wavelength decrease and
amplitude increase lead to a concurrent energy localization and, hence, to nanofocusing.
Several theoretical studies have shown such a phenomenon [32-35]. The TM SPP mode can
be excited using an axially symmetric grating under radially polarized excitation [36,37] or
double-sided E-symmetric excitation [38] or asymmetric excitation via grating coupling on
just one side of the tip [39].

An even more promising solution compared to fully metal probes in terms of simplification
of the experimental set-up is the excitation of SPP modes on the metal coating of a fully
metal-coated dielectric probe used under internal back excitation [29,40].
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As for fully metal probes, the adiabatic approximation has been used to evaluate
analytically the wave propagation in the fully metal-coated tapered dielectric probe,
considering the cone as a succession of cylinders made up of a dielectric core of radius 7,
surrounded by a metal coating of thickness § located in its turn in a dielectric medium [41]:
in a first approximation, waveguide modes (WGM) have been calculated as those supported
by a dielectric core surrounded by an infinitely thick metallic coating neglecting the external
dielectric, while SPP modes have been calculated as those supported by a metal wire
surrounded by a dielectric neglecting the internal dielectric core. Dispersion relations for
waveguide modes and for SPP modes have thus been determined (the latter coincides with
the dispersion equation for the metal wire). At a certain value of r,, the wavevector of the
WGM can match the one of the SPP mode: in these conditions, energy transfer from the
WGM into the SPP mode is possible and, as a result, surface plasmons are excited bringing
about nanofocusing. The transfer of energy and the field profiles can be determined with
this approach using the coupled mode theory [41,42]. In this way, the SPPs can be excited
using the WGM, thereby overcoming the problem of background inherent in the use of fully
metal probes under external illumination.

The energy transfer from WGM to SPP modes has been thoroughly investigated in several
studies, taking into account not only the “outer” SPP modes at the outer metal surface, but
also the “inner” SPP modes at the inner metal surface; in some studies, non-conical taper
profiles have been scrutinized as well [40,43-45]. The WGM has to present proper
characteristics in order for the excited surface plasmons to exhibit axial symmetry, thereby
interfering constructively at the tip apex and therefore generating nanofocusing. The three
fundamental WGMs are a pair of orthogonal linearly polarized modes followed by a
radially polarized one. If the fully metal-coated structure is excited by a linearly polarized
HE11 mode, then the electric fields of the excited surface plasmons have opposite polarities
on the opposite sides of the probe, giving rise to destructive interference at the very end of
the probe; on the contrary, a radially polarized WGM excites SPPs with axial symmetry,
which interfere constructively at the tip apex. These mechanisms are responsible for the
high field confinement in case of radially polarized excitation compared to the linearly
polarized case. The eventual outcome of this process is the creation of an ultrasmall hot spot
in the region close to the tip apex in the former situation, as opposed to broader and weaker
two-lobed electric field intensity distributions for the latter one. In particular, the size of the
achievable hot spot in case of radially polarized excitation (and, hence, the ultimate
attainable resolution) is mostly limited by the diameter of the metal apex, which can be
decreased at will. Such behaviour has been confirmed in both theoretical and experimental
studies [29,40,46-50] and is sketched in Figure 2.

Because of its attractive characteristics, the fully metal-coated dielectric probe has been
chosen as the starting point for structural optimization; as explained in more detail in the
next paragraph, the goal of the work will be the achievement of field localization (a feature
of utmost importance for SNOM applications) under linearly polarized excitation, bringing
about a further substantial simplification in experimental set-ups.
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(2) (b)

Figure 2. Sketch of the behaviour of a fully metal-coated dielectric probe under: (a) radially; (b) linearly
polarized excitation. Arrows indicate the electric fields associated with the surface plasmons (adapted
from [46]).

3. Nanofocusing in SNOM probes: The asymmetric structure

As previously explained, axisymmetric fully metal-coated probes under internal back
excitation hold the promise for high-resolution applications, as they can allow the
achievement of a strongly localized hot spot, whose size is mostly limited by the diameter
of the metal apex, which can be decreased at will. However, as pointed out, the resolution
of fully metal-coated tips is highly sensitive to the polarization state of the input field:
such desirable field localization properties are affordable only under radially polarized
excitation.

The reason for the strong polarization-dependent behaviour is due to the different
characteristics of the surface plasmons excited by the different waveguide modes on the
external metal coating: those excited by a linearly polarized mode interfere destructively at
the tip apex, resulting in a weak and broad near-field distribution contrarily to those excited
by a radially polarized mode which interfere constructively bringing about field
localization.

The fundamental drawback of radially polarized excitation, despite its potential
attractiveness, resides in its cumbersome injection procedure, which is extremely sensitive to
misalignments that could impair the potential benefits stemming from its use [50,51].

In order to get similar superfocusing effects under a more easily excitable linearly polarized
mode, one could break the axial symmetry of the fully metal-coated probe so as to avoid the
destructive interference between the SPPs excited by a linearly polarized mode on the
opposite sides of the axisymmetric structure. If z is the direction of the probe axis and an
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asymmetry is introduced in the tip structure along x, field confinement under x linearly
polarized mode could be expected. This idea stems from the numerical investigation of the
effects of unintentional asymmetries like single and multiple air spherical bubbles, which
have been shown to have a weak field localization effect due to the coupling between the
linearly polarized mode along the direction of the asymmetry and the radially polarized one
[52].

Of course, superfocusing based on random defects could not be easily forecast, but
stronger and more easily predictable focusing effects can be achieved by the introduction
of intentional modifications. The asymmetry can be either present in the probe structure
itself or in the probe illumination scheme. Unilateral and bilateral slits in the metal
coating have been numerically studied as a form of structural modification. Tip on
aperture probes and probes based on a monopole antenna can also be included in this
category [53,54]. An asymmetric illumination scheme can be used as an alternative to a
structural asymmetry [55]: surface plasmons are excited only on one side of an
apertureless probe via an opening close to the probe base in the offset aperture probe [56],
while asymmetric single-sided SPP excitation results in field localization in an
axisymmetric apertureless probe [38].

We have to underline how all these asymmetric structures are based on the introduction of
an asymmetry along one specific direction and, for this reason, we can indicate them as
“directional” asymmetries [55,57]. Hence, field localization occurs only for the linearly
polarized mode that is oriented in the direction of the asymmetry: for example, if the
asymmetry in the structure or in the illumination is along x, field localization is expected
under x linearly polarized excitation, but not under y linearly polarized excitation, because
no asymmetry is present along the y direction. This is due to the fact that all these forms of
asymmetries exhibit a plane of symmetry and, hence, cannot guarantee field localization for
arbitrarily oriented linearly polarized modes. Such asymmetries still require alignment
between the linearly polarized mode and the asymmetry itself, even though injection
procedures are considerably simplified because radially polarized excitation is no longer
necessary.

The practical implication of such a behaviour in experimental applications is apparent if
considering the difference in imaging properties using asymmetric tips based on a tip-on-
aperture and on a monopole antenna grown on the rim of an aperture tip with different
orientation of the input linear polarization, with dramatic variations in resolution and signal
intensity upon rotation of the input excitation from the direction of the asymmetry to the
orthogonal one [53,54]. However, the control of the direction of the input polarization is not
an easy task and often imposes a determination a posteriori of the effective polarization
direction close to the asymmetry by comparison of the field distribution observed close to
the tip apex with simulation results [14].

Therefore, it would be desirable to attain superfocusing effects for arbitrarily oriented
linearly polarized excitation, by using an “adirectional” asymmetry, which means a suitable
modification likely to create an asymmetry along all spatial directions [55,57].
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In the coming paragraphs, we will report the numerical analysis of novel forms of
asymmetry based both on new types of structural directional asymmetries and on the
pioneering concept of adirectional design. In particular, we will illustrate the properties of:

1. directional asymmetries based on: (i) an oblique cut; (ii) asymmetric corrugations in the
metal coating;

2. adirectional asymmetries based on: (i) a spiral corrugation; (ii) azimuthal corrugations
arranged in a spiral-like fashion.

Before tackling the design and the characteristics of these specific structures, in the next
paragraph a short overview of the issues and difficulties encountered in probe modelling is
presented.

4. Optimization of probe structures: Challenges of tip modelling

The theoretical study of the behaviour of SNOM probes is essential not only to get insight
into the characteristics of commonly used probe structures and identify potential problems
in imaging, but also to detect possible routes for optimization and predict the implications
of the use of novel probe configurations. With such an approach, experimental efforts can be
devoted to those probes that theoretically exhibit the most promising features.

Analytical solutions have been determined by Bethe and Bouwkamp for an aperture in an
infinitely thin perfectly conducting screen, which laid down the foundation for further
theoretical treatments. In the search for a model that could describe more faithfully the
aperture probe behaviour, analytical studies that took into account the finite thickness of the
metal screen have been carried out [58-59]. All of these treatments, however, suffer from
neglecting the finite conductivity of the metal cladding used in real SNOM probes and
provide little resemblance to the actual tip geometries used in experiments [60].

Other semi-analytical approaches have been based on a staircase approximation in which
the longitudinally non-uniform waveguide (the tapered part of the probe) is considered as a
succession of cylindrical sections of decreasing radius and the eigenmodes of the uniform
waveguides obtained by infinitely stretching along the axis of the probe at each cross section
are computed, as illustrated earlier. An analytical evaluation of the power transmitted by an
aperture probe based on such an approximation using a mode matching theory has been
done [1]. Starting also from this staircase approximation, different probe profiles like
parabolic, exponential and mixed shapes based on the alternation of conical and cylindrical
sections along the taper have been examined using the cross-section method [16, 17].

As discussed in paragraph 2, the staircase approximation has also been used for the analysis of
nanofocusing in fully metal and fully metal-coated dielectric probes using local mode theory in
a weakly non-uniform optical waveguide and the eikonal approximation [31, 34, 40, 43, 44].

Although analytical expressions are useful to get an understanding of probe behaviour,
their range of applicability is limited. For example, the eikonal approximation can be
applied as long as the adiabatic criterion is satisfied, i.e. for small local taper angles
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[31,34,40,43]. On the other hand, the study of probes that do not satisfy such requirement
can be of great interest: for example, optimal conditions for nanofocusing on tapered metal
rods have been found in nonadiabatic conditions, which fail to be treated analytically [61].
Moreover, analytical methods turn out to be not adequate to model abrupt variations in the
tapered profile as they often suppose a weak longitudinal non-uniformity.

Whenever more challenging probe geometries need to be studied, a numerical approach
becomes mandatory. For this reason, the development of optimized probe structures has
been accompanied and favoured by the flourishing of a vast range of numerical methods
giving a glimpse at nanoscale mechanisms [9,62-64].

Such methods have been extensively used to investigate novel aperture shapes using, for
example, the finite difference time domain method (FDTD) or the field susceptibility
technique and in most of the cases considering apertures in thin metal films [21,24,26-28].
Furthermore, the analysis of wave propagation in tapered structures (either traditional
conical tapers or structures modified with corrugations or multiple tapers) with an aperture
at the end has been carried out using the finite difference beam propagation method [65],
the FDTD method [18,19], the body of revolution FDTD method (BOR-FDTD) [48], the
multiple multipole method (MMP) [66]. Fully metal probes and fully metal-coated
pyramidal probes with different shapes have also been analysed both in case of direct
illumination at the metal apex or with far-field excitation further away from the metal apex
as described in paragraph 2 [36,37,61,67] using FDTD, BOR-FDTD, finite integration
technique (FIT), and the finite element method (FEM). The fully metal-coated dielectric
structure which, as anticipated, is the one of interest in this chapter, has been intensively
numerically investigated especially under internal back excitation and its polarization-
dependent properties have been carefully examined: the need for a radially polarized
excitation has been pointed out as essential to get field localization [40,46-50].

Even numerical treatment is challenging because near-field probes involve different length
scales: while phenomena of major interest for near-field interactions occur in the mesoscopic
(sizes of the order of the incident wavelength) and nanoscopic (structures smaller than 100
nm) regimes [63], the overall probe structure, especially for fiber-based probes, can include
sections much bigger than the incident wavelength. Computational cost for modelling a
probe in its entirety would become prohibitive. Therefore, the overall computational
domain is typically restricted to the very end of the probe, often using two-dimensional
approximations or exploiting symmetry properties of the structure.

In the light of the previous considerations, we have investigated our novel probes based on
appropriate modifications introduced in fully metal-coated dielectric probes adopting a
numerical approach and restricting the analysis to the very end of the probe. An overview
of the numerical approach adopted for our simulations is provided in the next paragraph,
together with the description of the developed computational model. The model has been
tested first to study the behaviour of the fully metal-coated probe, which, as reported in
paragraph 2, has been already numerically and experimentally investigated and represents
the reference for comparison for the new probe configurations.
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5. Description of the computational model

Among the different numerical methods used in the past to simulate fully metal-coated
SNOM probes, ranging from the MMP [46,68], to FIT [40,49,50,52,69], or the FDTD method
[48], we have preferred FEM, chosen also in [47].

FEM is a tool used for the solution of differential equations in many disciplines, ranging
from electromagnetics to solid and structural mechanics, from fluid dynamics to acoustics
and thermal conduction [70]. A point of strength of FEM is its ability to deal with a complex
geometry. Unstructured grids can accommodate for complex geometries in a much more
straightforward way than other methods using Cartesian grids like finite difference
methods.

The irregular domain is discretized into smaller and regular subdomains, known as finite
elements, thereby replacing a domain having an infinite number of degrees of freedom by a
system with a finite number of degrees of freedom. The essential principle behind FEM is a
piecewise approximation: the solution of a complex problem is obtained by splitting the
region of interest into smaller regions and approximating the solution over each subregion
by a simple function [71].

In particular, our three-dimensional (3D) computational model for the simulation of the
electromagnetic modes in the investigated probe configurations has been developed with
the help of a commercial software (Comsol Multiphysics) based on FEM. The computational
process is articulated in a two-dimensional (2D) analysis to calculate the eigenmodes at the
input port, followed by the 3D simulation of the propagation of the first three eigenmodes,
i.e., the two lowest order linearly polarized modes and the radially polarized one. Second
order elements with minimum size of about 0.8 nm have been used. Simulations have been
run on a 64 bit workstation with 32 GB of RAM.

The first examined structure is the fully metal-coated dielectric probe under radially and
linearly polarized excitation. Although in this case one could benefit from the symmetry
properties of the structure, the axisymmetric probe represents only the starting point for the
search of optimized configurations, illustrated in the following paragraphs. As we will see,
such structures are characterized by strong asymmetries, which impose the need for full 3D
analysis. Therefore, for the sake of a better comparison, a 3D modelling has been adopted
also for the reference axisymmetric structure, without resorting to any of the simplifications
used in previous works to handle axially symmetric structures. Only the very end of the tip
is examined due to the high computational burden of the simulations because of the
different scales of the metal layer and the dielectrics. In previous works, simulations
involving larger portions could be carried out only when the structure was less
computationally challenging due the rotational symmetry of the probe allowing reduction
of the problem complexity either with the BOR-FDTD method or even with approximate 2D
simulations [18,48].

Figure 3 reports the sketch of the simulated axisymmetric probe, consisting of a silica core
(n=1.5) surrounded by an aluminium coating (n=0.645+5.029i at the operating wavelength
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A=532 nm). The radii of the inner silica cone and of the outer metallic hollow cone are 225
nm and 275 nm, respectively. Both cones (having an apex angle of 30°) are rounded, with
the radius of curvature of the inner cone being 10 nm, the one of the outer cone amounting
to 20 nm. The overall modelling domain is a 1.6 um cylinder with radius 1 pum. The probe
axis lies on the z axis.

1000

800

Zz [nm]

y [nm] x [nm]

Figure 3. Sketch of the simulated axisymmetric fully metal-coated dielectric probe.

In Figure 4, the first three eigenmodes, i.e. the two lowest order x and y linearly polarized
modes (H and V) and the radially polarized one (R), are reported together with the
corresponding near-field distributions (square of the norm of the electric field) taken over a
square area 600 nm by 600 nm centred around the probe apex at 10 nm from the apex;
normalization to the maximum value of the electric field intensity distribution for the radial
polarization has been done in order to emphasize the relative field strengths [51].

A highly localized hot spot with a full width at half maximum (FWHM) of 38 nm is
observed for the R mode due to the constructive interference of the surface waves along the
taper. As shown in [49], the size of the hot spot is influenced by the final rounding in the
metal coating that, in our simulations, was chosen to be 20 nm in radius just for convenience
as a reference for comparison and can be decreased at will. On the contrary, destructive
interference of surface waves at the tip apex gives rise to two-lobed distributions, polarized
mainly along the x and y axis, under H and V linearly polarized excitation, respectively; the
average size (measured as the distance over which the field is more than or equal to half of
its peak value) is approximately 400 nm and the peak value is about 50 times smaller than
the peak of the R spot.
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These results, in agreement with those previously obtained for such a probe, represent the
reference for comparison for the novel probe configurations scrutinized in the following
paragraphs, in which the characteristics of the near-field distributions at 10 nm from the
apex of the modified probes are normalized to the peak value obtained in the axisymmetric
probe under R excitation for an easier comparison.
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Figure 4. Illustration of input modes (upper row) and corresponding normalized near-field
distributions at 10 nm from the apex of a standard axisymmetric fully metal-coated probe (lower row)
(adapted from [51]).

6. Numerical investigation of probes with directional asymmetries under
linearly polarized excitation

As anticipated, we have designed and investigated the behaviour of two different structural
modifications that can be classified as directional asymmetries, one based on an oblique cut
close to the tip apex stripping off both the metal coating and the inner core, and the other

consisting of asymmetric corrugations in the metal coating. The sketches of the two
structures are reported in Figure 5.

The first tip (Figure 5(a)) is cut along a plane which is neither orthogonal nor parallel to the
tip axis: the cut angle (defined as the angle between a plane orthogonal to the axis of the tip
and the plane of the cut itself) and the cut height (meant as the height of the new tip apex
after the cut, measured from the bottom of the computational domain) can be varied [72].

The structure with asymmetric corrugations (Figure 5(b)) is based on the introduction on the
outer metal surface of semicircular corrugations (either bumps or grooves), modelled by
joining five truncated toroids of radius 20 nm with hemispherical terminations having the
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same radius: the toroidal sections are filled with air in case of a groove or with metal in case
of a bump [51]. The case of metal oxide filling has been considered as well. Corrugations are
limited to just one half of the tip, hence their angular extension is less than 180°.

1000+ 1 i P 1000
goo -+ G i 800 . L
— 600 . 600 - N
E E
= = e
~ 400 N 400 |
200 200
0 0l ' ;
200 200
200 0 R 200
200 500"
y [nm] x [nm] y [nm] x [nm]
(a) (b)

Figure 5. Sketch of the simulated structures based on an adirectional asymmetry: (a) probe with oblique
cut; (b) asymmetrically corrugated fully metal-coated probe.

In both the cases, the asymmetry is present along the x direction.

6.1. Probe with oblique cut

For this probe structure, the behaviour of the probe under variable cut angle at constant cut
height and for variable cut height at constant cut angle has been analysed [72].

In the first case, the angle has been varied from 20° to 60° (with a step of 10°) at a height of
816 nm. Normalized near-field patterns under H and V polarized excitation are shown in
Figure 6.

As expected, field localization is achieved only under H polarized excitation. The two
initially separated lobes of the V mode tend to merge as the angle becomes steeper until
getting completely intermingled, while the initially asymmetric spots obtained under H
excitation become progressively more symmetric about their centre along the x axis as the
cut angle increases. The FWHM and the peak value normalized to the one obtained in an
axisymmetric probe under radially polarized excitation are reported in Figure 7 as a
function of the cut angle. No dramatic changes occur in the size of the spots (always
between 37 nm and 41 nm), while an increase in the H peak occurs with steeper cut angles.

A similar analysis carried out for a cut height varying from 741 nm to 841 nm (with a step of
25 nm) at a cut angle of 30° revealed once again field localization under H polarized
excitation. The results of the simulations with variable cut height suggest the use of cuts
involving a larger fraction of the originally axisymmetric probe because both the FWHM
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and the peak value of the achieved hot spot undergo deterioration with increasing cut
height. However, the approach to samples with steeper topographic variations would be
hampered by cuts at lower heights unless a large cut angle is used at the same time,
imposing a trade-off with the quality of the achievable H hot spot in the choice of the cut
height.

20° 30° 40° 50° 60°
0.02 008 0.14 0.05 015 0.25

05 1 15 2 05 1 1.5

y [nm]

- |

0.005  0.015 0.005 0.015 0.005 0.015 0.01 0.02 0.03 0.01 0.02

<
[nm]

> 100

-200 0 200 -200 0 200 -200 0 200 -200 0 200 -200 0 200
X [nm] x [nm] x [nm] x [nm] x [nm]
Figure 6. Normalized near-field intensity distributions at 10 nm from the apex of a cut probe with cut
height of 816 nm and cut angle variable from 20° to 60° under H (upper row) and V (lower row)
excitation (adapted from [72]).
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Figure 7. Characteristics of the near-field intensity distributions at 10 nm from the apex of the cut probe
under H polarized excitation for variable cut angle: (a) FWHM,; (b) peak value normalized to the one
achieved in an axisymmetric probe under radially polarized excitation (adapted from [72]).

6.2. Probe with asymmetric corrugations

As we said, the five corrugations could consist in either grooves or bumps on the outer
metal coating and are equally spaced, with the z-spacing amounting to 150 nm and the first
bottom one centred at 150 nm from the input port [51].

First, the effect of a variation in the sequence of grooves and bumps has been considered and
all the possible permutations of air indentations and metal bumps for the same structure have
been analysed (at constant azimuthal extension of 160°). The different configurations have
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been named after the initial of the filling material (2 for air groove and m for metal bump)
starting from the bottom corrugation. As an example, the normalized near-field distributions
for the configuration amama is reported in Figure 8. As expected, field localization is achieved
under H excitation, while the V distribution maintains an almost two-lobed pattern.
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Figure 8. Normalized near-field intensity distributions at 10 nm from the apex of a probe with
asymmetric corrugations (amama configuration) (adapted from [51]).

A systematic analysis of the FWHM and the peak value of the hot spot achieved under H
polarized excitation for all the possible permutations of air indentations and metal bumps for
the same structure has revealed that, except for only one configuration, the size of the near-
field distribution undergoes a significant shrinkage in all the cases with the creation of a real
ultrasmall spot in most of the cases with a FWHM comparable to that observed for the R mode
excitation in the axisymmetric probe (Figure 9(a)). Although the H peak value generally
increases compared to the case of the standard axisymmetric probe, only few material
combinations give rise to values comparable or, in two cases, even much superior to the radial
peak for the axisymmetric probe, with the best results given by the amama configuration
(Figure 9(b)). Similar trends in terms of alternation of metal and dielectric have been observed
upon replacement of the air grooves with metal oxide bumps (in this case aluminium oxide)
and considering all the possible permutations of metal and metal oxide in the five semirings.
However, the substitution of air with metal oxide gives rise to higher peak values due to better
coupling between inner and outer SPPs when air is substituted with metal oxide, because the
coupling of surface modes at two adjacent metal-dielectric interfaces becomes more efficient
when the indices of refraction of the two dielectrics are closer [73].

Next, the influence of a variation of a geometric parameter, i.e. the azimuthal extension of
the corrugations, has been studied. The amama configuration has been chosen and the
angular extension of each corrugation has been changed between 110° to 160° with a step of
10°. No significant variations in the FWHM for the H hot spots have been observed, while
the peak value increases with increasing azimuthal extension of the corrugations.
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Figure 9. Characteristics of the near-field intensity distributions at 10 nm from the apex of the probe
with asymmetric corrugations under H polarized excitation for each of the material permutations in the
five semirings: (a) FWHM,; (b) peak value normalized to the one achieved in an axisymmetric probe
under radially polarized excitation (adapted from [51]).

6.3. Analysis of the behaviour of the directional asymmetries for arbitrary
orientation of the asymmetry with respect to the input polarization

Our finite element based simulations have shown that carefully designed asymmetries
introduced in an originally axisymmetric fully metal-coated tip can produce field
localization under an excitation linearly polarized along a proper polarization direction. The
presence of the asymmetry causes the electric fields associated with SPPs on the opposite
sides of the tip not to have opposite phases any longer, a phenomenon that leads to
destructive interference under linearly polarized injection in an axisymmetric structure
[561,57]. A global analysis of the results obtained for both a cut probe and a tip with
asymmetric corrugations has shown that this effect is enhanced when the asymmetry is
extended over a broader region (as is the case for steeper cut angles or lower cut heights in
case of the probe with oblique cut or a larger azimuthal extension of the corrugation for the
tip with asymmetric corrugations). In this way, superfocusing can be achieved with a
linearly polarized injection, which is much easier than a radially polarized one, with an
enormous simplification in experimental applications.

However, so far we have considered the behaviour of the probe for two specific orientations
of the input linearly polarized excitation with respect to the asymmetry (located along x), i.e.
alignment along the direction of the asymmetry (H polarization) or alignment along the
direction orthogonal to the asymmetry (V polarization). Field localization occurs for input
polarization aligned along the preferential direction of the asymmetry, while no significant

variation compared to the axisymmetric probe is shown for input polarization orthogonal to
such direction.
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In this section, to better understand how the misalignment from the preferential spatial
direction can affect the performance of a probe with a directional asymmetry, we show the
behaviour of a probe based on asymmetric corrugations for variable mutual orientation of
the direction of the input linearly polarized excitation with respect to the one of the
asymmetry [55,57,74]. Such mutual alignment has been defined as the angle a between the
direction of the input linear polarization and the angle bisector of the corrugations (Figure
10(a)); the mutual orientation specified by a was varied from -85° to 90° to encompass all the
possible mutual positions. Note that a=0° and a=90° correspond to x and y linearly polarized
excitations so far labelled as H and V, with a=0° representing the position of best alignment
of the input linear polarization with respect to the directional asymmetry and a=90°
representing the maximum misalignment.
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Figure 10. Behaviour of the probe with asymmetric corrugations for variable orientation of the input
linearly polarized excitation with respect to the asymmetry: (a) schematic of the xy projection of the
probe: the angle a is the one between the direction of the input linear polarization (magenta line) and
the angle bisector of the corrugations (cyan line); (b) FWHM of the near-field distribution for the amama
configuration under variable a; (c) peak value of the near-field distribution normalized to the one of the
axisymmetric probe under radially polarized excitation for the amama configuration under variable «
(adapted from [55]).

Figure 10 (b) and (c) report the FWHM and the normalized peak value as a function of «
for the amama configuration and azimuthal extension of the corrugations equal to 160°. As
the misalignment of the input polarization from the preferential direction of the
asymmetry increases, both the peak value and the shape of the near-field intensity pattern
change. In particular, the peak value decreases and the distribution becomes gradually
broader. This is due to the fact that, as « increases, the asymmetry perceived by the input
linearly polarized excitation progressively disappears. In retrospect, the different
behaviour can be explained if recalling that a structure asymmetric along x appears
symmetric for a y linearly polarized excitation, which brings about destructive
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interference of the excited SPPs, similarly to what happens for an axisymmetric structure
under linearly polarized excitation. If we consider the average of both the FWHM and the
peak value over all the possible mutual positions, from the graphs it can be inferred that
maximum deviations of the peak value and of the spot size from the corresponding
averages are about 100% and 450%, respectively.

Similar analyses have been run for various forms of directional asymmetries with different
structural parameters. The maximum deviation of the peak ratio and of the spot size from
the average value over all the mutual orientations of the linearly polarized excitation with
respect to the asymmetry is reported in order to highlight the sensitivity to mode orientation
(Figure 11).
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Figure 11. Characteristics of the near-field intensity distributions for directional asymmetries under
linearly polarized excitation for variable orientation « of the asymmetry with respect to the input linear
polarization: (a) maximum deviation from the average FWHM,; (b) maximum deviation from the
average normalized peak value; omomo is a probe with asymmetric corrugations and alternation of
oxide (0) and metal (1) bumps (adapted from [57]).

Variations in the peak value are above 90% and, more importantly, those in spot size exceed
280%. Such strong variations are due to the intrinsic directional nature of the asymmetries,
with degradation in peak intensity and resolution as a consequence of misalignments from
the preferential direction of the asymmetry.

7. Numerical investigation of probes with adirectional asymmetries
under linearly polarized excitation

In order to reduce the sensitivity of the probe behaviour to the direction of the input
polarization, we have introduced the concept of adirectional asymmetry. Two different
implementations of this structural modification have been considered, both based on a
spiral design: in fact, the spiral intrinsically fits the specification of lack of rotational and
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reflection symmetry and offers an interesting case study to investigate the feasibility of
the concept of orientation-insensitive field localization [55,57]. First, the effects of a spiral
corrugation on the outer metal surface of a fully metal-coated probe have been
investigated. Then, another implementation based on azimuthal corrugations arranged
in a spiral-like fashion will be discussed. A sketch of the two structures is shown in
Figure 12.

The spiral corrugation is formed by joining a tapered helix-shaped 3D object (with
circular cross-section of radius r) with two hemispherical terminations (having the same
radius r). The spiral winding appears as a semicircular spiral corrugation and is placed
between 150 nm and 750 nm along the z direction; the pitch along z is 300 nm. The spiral
corrugation can take on the form of either a groove, i.e. it is filled with air, or a bump,

corresponding to metal filling; the effect of metal oxide filling has been analysed as well
[57].

The azimuthal corrugations are formed by joining truncated toroids with hemispherical
terminations as in paragraph 6. However, in order to create a spiral arrangement (and hence
an adirectional asymmetry distributed over all spatial directions), the corrugations are
shifted one with respect to the other [55].
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Figure 12. Sketch of the structures based on an adirectional asymmetry: (a) probe with spiral
corrugation; (b) probe with spiral-arranged azimuthal corrugations.
7.1. Probe with spiral corrugation

The near field distributions obtained for a spiral metal corrugation with radius r = 25 nm
under H and V polarized excitation are illustrated in Figure 13.
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Figure 13. Normalized near-field intensity distributions at 10 nm from the apex of a probe with a spiral
metal corrugation of radius r = 25 nm (adapted from [57]).

Strong field localization is observed for both the orthogonal input polarizations, with the
creation of ultrasmall spots very similar in terms of both FWHM and peak value. As
illustrated below, the intensity (that, in this case, is still 5 times lower than the one of the
radial hot spot of the axisymmetric probe) can be adjusted by changing either the filling
material or the radius of the corrugation. Similar near-field distributions have been observed
upon variation in the chirality of the spiral winding (that is whether it wraps the tip in
clockwise or counter-clockwise direction).

An analysis of the FWHM and the peak value (normalized to the peak achieved in the
reference axisymmetric probe under radially polarized excitation) under different mutual
orientations a of the direction of the linearly polarized excitation with respect to the
asymmetry has been carried out to assess the properties of the adirectional asymmetry:
according to Figure 14, a=0° corresponds to x linearly polarized excitation, with the two
extremes of the spiral winding located along the x axis.

The most noticeable feature is that only minor fluctuations occur in the FWHM, which
means that the spot size is almost insensitive to variations in the mutual orientation. We
should remind that the FWHM is related to the eventual achievable resolution and, hence,
its robustness with respect to variations in the orientation of the input polarization implies a
substantial simplification in experimental applications. Although the peak value still
depends on the mutual orientation, the maximum deviation from its average value
calculated over all the mutual positions is below 20%, still tolerable if the average value
were sufficiently high for detection. Note that, contrarily to the case of directional
asymmetry where a=0° and a=90° represented the best and worst alignment, for the
adirectional asymmetry different orientations are almost equivalent.

119



120 Plasmonics — Principles and Applications

FWHM [nm]
50
45
40 J\_—\/\/\w\/\_——f\
35
-60°  -30° 0° 30° 60° 90°
a
(b)
normalized peak value

0.35
0.3
0.25
(a) 0.2

-60°  -30° 0° 30°  60° 90°
a

(c)

Figure 14. Behaviour of the probe with spiral corrugation for variable orientation of the input linearly
polarized excitation with respect to the asymmetry: (a) schematic of the xy projection of the probe: the
angle a is the one between the direction of the input linear polarization (magenta line) and the line
along which the two extremes of the spiral are aligned (cyan line); (b) FWHM of the near-field
distribution for the spiral metal corrugation under variable «; (c) peak value of the near-field
distribution normalized to the one of the axisymmetric probe under radially polarized excitation for the
spiral metal corrugation under variable « (adapted from [57]).

Similarly to the case of directional asymmetries, the FWHM and the peak value can be
optimized by varying the characteristics of the spiral asymmetry. In particular, we changed
the radius r of the spiral from 15 nm to 30 nm with a step of 5 nm. Moreover, we considered
the case of replacement of the metal spiral bump with a spiral groove (air filling) or with an
aluminium oxide spiral bump. In particular, for each structure based on a particular
combination of filling material and radius r, the behaviour of the probe under all the
possible mutual orientations of the linearly polarized excitation with respect to the spiral
winding was examined, by calculating the average value of the peak ratio and the FWHM
over all the mutual orientations and considering these values together with the maximum
deviation from the corresponding average as figures of merit for comparison.

As for the directional asymmetries, overall better results (i.e. smaller spot size and higher
peak values) have been obtained for stronger asymmetries due to larger r values. However,
differently from the case of directional asymmetries, the data about the maximum deviation
confirm that field localization is achieved irrespective of the mutual orientation between the
linearly polarized mode and the asymmetry introduced in the structure. The deviation in
FWHM dips as the radius increases, while the peak value shows an opposite trend with a
change of the spiral radius: however, the maximum deviations are still acceptable, especially
if combined with a rise in the average value occurring when the metal bump is substituted
with an air groove or, even better, an aluminium oxide bump. The behaviour of the probe as



Novel SNOM Probes Based on Nanofocusing in Asymmetric Structures

a function of the filling material can be explained as a result of better coupling mechanisms
between inner and outer SPPs, as also pointed out in paragraph 6.2.

7.2. Probe with corrugations arranged in a spiral-like fashion

The spiral corrugation can be replaced by a series of azimuthal corrugations shifted one
with respect to the other to create a spiral arrangement, as visible in the 2D projection of
Figure 15; the angle a between the direction of the input linearly polarized excitation and
the angle bisector of the bottom corrugation is also defined. The parameters of this new
structure can be varied to improve the field localization and enhancement for any
orientation of the input linearly polarized excitation.

The effect of variations in the shift angle g (identical for any two consecutive corrugations)
has been examined as well as the impact of variable radius and variable azimuthal extension
y of the single corrugations (which means the arc of circumference over which corrugations
are spanned). According to the sketches in Figure 12 and Figure 15, the angle bisector of the
bottom corrugation is along the x axis. The z spacing between consecutive corrugations,
which can be either grooves or bumps, is 150 nm. We focused our attention on the structure
based on alternation of grooves and bumps starting from the bottom corrugation,
previously labelled as amama, because the studies reported in paragraph 6.2 for null shift
angle p between consecutive corrugations showed that it resulted in the best performance.

Figure 15. Schematic of the 2D projection of the probe with spiral-arranged corrugations and relevant
parameters; the black arcs represent the corrugations; the angle « is the one between the direction of the
input linear polarization (magenta line) and the angle bisector of the bottom corrugation (cyan line); the
angle f is the shift angle measured between the angle bisectors of two consecutive corrugations, while
the angle y is the angular extension of each corrugation. The angle bisector of the bottom corrugation is
along the x axis (adapted from [55]).

Figure 16 reports the square of the normalized near field distributions under H and V
polarized excitation for a shift angle g of 45° (adirectional asymmetry), total azimuthal
extension y for each of the five corrugations equal to 160° and radius of 20 nm. The two
distributions show close resemblance in both peak value and FWHM.
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Figure 16. Normalized near-field intensity distributions at 10 nm from the apex of a probe with
azimuthal corrugations arranged in a spiral-like fashion ($=45°; =160°; radius 20 nm) (adapted from

[55]).

In order to further confirm that field localization is insensitive to the alignment of the input
polarization, also for this asymmetry we studied the behaviour of the probe under variable
orientation of the corrugations with respect to the input linear polarization, and, in
particular, the FWHM and the peak value normalized to the one of the axisymmetric probe
under radially polarized excitation.

Figure 17 shows deviations of the peak value from the average below 20% and those of the
spot size less than 10% for the probe with adirectional asymmetry, which demonstrates the
possibility to get superfocusing under arbitrarily oriented linearly polarized excitation. In
particular, the ultimate achievable resolution is almost insensitive to the input polarization
direction. Similar trends were observed by changing the chirality, i.e. the handedness, of the
spiral-like arrangement.

FWHM [nm] normalized peak value
60 2.6
55 24
48 1.8
40 1.6
35 1.4
-60° -30° 0° 30° 60° 90° -60° -30° 0° 30° 60° 90°
24 a

(@) (b)

Figure 17. Behaviour of the probe with spiral-arranged corrugations for variable orientation « of the
input linearly polarized excitation with respect to the asymmetry (f=45°; y=160°; radius 20 nm): (a)
FWHM of the near-field distribution for variable «; (b) peak value of the near-field distribution
normalized to the one of the axisymmetric probe under radially polarized excitation for variable «
(adapted from [55]).
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The effect of some geometric parameters (more specifically the shift angle g, the angular
extension y and the radius of the corrugation) on the probe behaviour has been analysed as
well. By increasing the shift angle from 0° to 45° (with a step of 7.5°), a better confinement
and an increase in the peak value has been observed, together with smaller variations in
these parameters under variable orientation of the corrugations with respect to the input
linearly polarized excitation. An increase in the angular extension and in the radius has also
been shown to have an overall beneficial effect on probe behaviour.

8. Interaction of asymmetric probes with fluorescent molecules

Beyond the overall intensity distribution, also the analysis of the single vectorial
components of the near-field distribution is of major interest and provides insight into the
field localization mechanisms. A full vectorial picture of the electric field distribution close
to the tip apex can be gained by scanning single fluorescent molecules with a SNOM probe.
In the seminal work by Betzig and Chichester, the near-field distribution of aperture probes
was mapped by fluorescent molecules, which act as point detectors for the components of
the electric field aligned along their absorption dipole direction [75]. The interaction of
single fluorescent molecules with aperture probes has been thoroughly investigated both
experimentally and theoretically, not only as a tool for probe characterization, but also for its
importance in biological as well as in material science [60,76-78].

For all these reasons, we have investigated the interaction of a single fluorescent molecule
with an axisymmetric probe under radially polarized excitation and with an asymmetric
probe under linearly polarized excitation in order to identify the similarities between the
vectorial components of the near-field distributions close to the apex of the probes [79]. In
most of the calculations, we considered the cut probe as an example of asymmetric probe
due to the simplicity to fabricate this probe using FIB milling, as will be discussed in the
next paragraph.

Figure 18 shows the quantities necessary to describe the dipole moment of the fluorescent
molecules.

Figure 18. Representation of the orientation of the dipole (red vector) through the polar angle 6 and the
azimuthal angle ¢.
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The fluorescence intensity I emitted by a molecule is related to the square of the dot product
of the local electric field E and the normalized absorption dipole moment p far from
saturation [75]:

I<|E-p (4)

Therefore, the fluorescence intensity I depends on both the absolute value and the direction
of the electric field, which shows the ability of a fluorescent molecule to provide a vectorial
picture of the local electric field. The normalized absorption dipole moment describing the
3D dipole orientation is given by:

sinf@cos ¢
p=| sin@sing ©)
cosé@

where 0 and ¢ represent the polar and azimuthal angle, respectively (Figure 18). In our case
the local field E=(Ex Ey E:) coincides with the electric field distribution on the xy plane at a
distance z of 10 nm above the probe apex.

The interaction of an axisymmetric probe under radially polarized excitation with a
fluorescent molecule with polar and azimuthal orientation varying from 0° to 90° (with a
step of 30°) was considered. The resulting fluorescence intensity distributions calculated
according to equation (4) on a 400 nm by 400 nm square area centered on the probe apex are
shown in Figure 19, with an indication of the peak intensity for a molecule with a specific

dipole orientation normalized to the peak of the total local electric field intensity ‘E‘Z

(number reported in white). As visible, the radially polarized excitation gives rise to a strong
longitudinal local field at the tip apex (aligned along the probe axis z and corresponding to
0=0°), made up of a single hot spot, and weaker orthogonal transverse components
(corresponding to 0=90° and ¢=0° and 0=90° and ¢$=90°, respectively) of almost equal
magnitude appearing as two-lobed patterns.

A variation in the azimuthal angle of the fluorophore corresponds to almost identical
intensity distributions, simply rotated according to ¢, because of the axial symmetry of both
the probe and the input excitation. On the contrary, a decrease in the peak intensity and a
gradual transition from a single spot to a two-lobed distribution occurs upon a change of the
polar angle O from 0° to 90°, because of the overlap of the dipole absorption moment
dominantly with the weaker transverse components of the local electric field rather than
with the stronger longitudinal component.

The most remarkable feature is the dominance of a strong longitudinal field component,
which can be beneficial for the imaging of molecules with a mainly longitudinal dipole
moment. Moreover, molecules with identical polar angle and different azimuthal orientation
give rise to similar fluorescent patterns apart from the rotation by ¢, which allows the
determination of the azimuthal component of the fluorophore dipole moment. On the
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contrary, using aperture probes, molecules with variable azimuthal angle result in strongly
different patterns due to the significant differences in orthogonal transverse components

close to the aperture, with variations in peak intensities by even two orders of magnitude
[77].
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Figure 19. Simulated fluorescence intensity maps for single molecules with different orientations (as
specified by the polar angle 0 and the azimuthal angle ¢) excited by an axisymmetric fully metal-coated
probe under radially polarized excitation and located at 10 nm from the tip apex. All the maps are
reported on the same colour scale, with each plot normalized to its peak intensity value (adapted from
[79D).
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A similar analysis has been run for a cut probe. Figure 20 shows the fluorescence intensity
maps for a structure with a cut angle of 30° and a cut height of 766 nm under x linearly
polarized excitation (i.e. oriented along the direction of the asymmetry; a=0°). Also in this
case, the dominance of the longitudinal component is clearly visible, with double-lobed
orthogonal transverse components slightly different in magnitude. The close resemblance
with the fluorescence distributions obtained for an axisymmetric probe under radially
polarized excitation is significant, which makes the asymmetric structure eligible to
replace axisymmetric probes in single fluorescent molecule studies, because the
advantages pointed out for the axisymmetric probe can be obtained under an easier
linearly polarized excitation.
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Figure 20. Simulated fluorescence intensity maps for single molecules with different orientations (as
specified by the polar angle 0 and the azimuthal angle ¢) excited by a cut probe under linearly
polarized excitation along the direction of the asymmetry (x) and located at 10 nm from the tip apex. All
the maps are reported on the same colour scale, with each plot normalized to its peak intensity value
(adapted from [79]).

The study of the interaction of different asymmetric probe structures with fluorescent
molecules has revealed that all the asymmetric structures exhibit a highly confined strong
longitudinal electric field component and weaker transverse components, like the
axisymmetric probe under radially polarized excitation.

Moreover, the analysis of the intensity maps obtained for a fluorescent molecule with
longitudinal dipole moment under variable a using either the previously considered cut
probe or a probe with two-turn spiral corrugation in form of an aluminium bump with 25
nm radius (as in paragraph 7.1) has confirmed once again how adirectional asymmetries are
more robust to variations in the direction of the input polarization compared to the
directional ones. If the asymmetry lies along one specific spatial direction, alignment of the
input linearly polarized excitation with respect to the asymmetry is still necessary. On the
contrary, light funnelling to a highly confined mainly longitudinally polarized distribution
independent of the orientation of the input linear polarization can be achieved by extending
the asymmetry over all the spatial directions.
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9. Hints on probe fabrication

In the introduction, we have briefly summarized the fundamental steps to create an aperture
fiber probe. Our modified asymmetric probes can still benefit from this well developed
technology. The overall fabrication process consists in the creation of the taper and
subsequent metallization. Next, the desired modification is introduced by FIB milling. In our
case, for first tests on the fabrication of our novel asymmetric probes, fiber-based SNOM tips
have been bought and properly modified using a dual beam FIB/SEM (scanning electron
microscope) system (FEI Strata DB 235). The system includes an ion beam and an electron
beam column tilted one with respect to the other by 52° allowing simultaneous
nanostructuring and imaging of the probe.

FIB milling has been applied in the past to the fabrication of apertures in aperture SNOM
probes, either to improve the quality of apertures created by some other method or to create
an aperture in a fully metal-coated probe. Two different approaches have been used for this
purpose, i.e. head-on drilling and slicing [80,81]. In the first approach the Ga* beam is
scanned from the top across the tip surface using a previously generated pattern (the ion
beam is aligned along the tip axis); although in this way a better control over shape and size
of the aperture can be achieved by choosing an appropriate milling pattern, deep drilling
into the tip structure can occur and the ion beam needs to be guided to the center of the tip
apex [80-82]. In the second approach, the metal-coated fiber probe is sliced off transversally,
i.e. the ion beam is incident at 90° with respect to the probe axis; the size of the aperture can
be controlled only indirectly by estimating the correct location for slicing and the size of the
milled area; small beam sizes are used to remove thin slices of material corresponding to
low ion currents [80,81,83-85].

The slicing approach, properly adapted, is suitable for the fabrication of our probes based on
an oblique cut. However, differently from the case of conventional aperture probes, the angle
of incidence of the ion beam with respect to the probe axis is no longer 90°, but needs to be
chosen according to the desired cut angle. The definition of cut angle corresponds to the one
given in paragraph 6: hence, a simple aperture probe would correspond to a cut angle of 0°.

The fiber probes used to fabricate and test the probe based on an oblique cut, bought from
Lovalite, have been produced by heating and pulling and subsequent deposition of
aluminium. For the fabrication, a step-by-step procedure was adopted in which a milling
step consisting in scanning the ion beam over a small rectangular area to remove as little
material as possible was followed by an imaging step in order to check the results of the
previous nanostructuring step. To get a first knowledge of the aperture size and metal
thickness, first simple aperture probes with diameters between about 70 nm and 200 nm
were realized. Then cut probes were produced. Figure 21 shows an example of an aperture
probe and of a probe with an oblique cut, with a cut angle of 50°.

FIB milling could also be applied for the creation of corrugations, even a spiral one: in fact,
spiral lenses have been fabricated on planar structures [86,87]. In the wake of these encouraging
results, we are confident that a spiral conical corrugation could be produced as well.
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(a) (b)

Figure 21. SEM image of: (a) aperture probe; (b) cut probe.

10. Conclusions

An extensive analysis of nanofocusing in asymmetric SNOM probe structures has been
presented. The introduction of an asymmetry in an originally axisymmetric fully metal-
coated probe structure has been shown to be effective in the achievement of field
localization under linearly polarized excitation. In fact, in an apertureless axisymmetric
structure, field localization, essential for high-resolution applications, can be attained only
under radially polarized excitation. In this case, the surface plasmons excited by the radially
polarized waveguide mode interfere constructively at the tip apex leading to the creation of
an ultrasmall hot spot. On the contrary, those excited by a linearly polarized mode interfere
destructively producing a broad, weak and asymmetric near-field distribution. However,
the promising radially polarized excitation requires complicated injection procedures,
extremely sensitive to misalignments.

Breaking the symmetry of the probe can help to avoid the destructive interference occurring
under linearly polarized excitation allowing field localization at the tip apex under a more
straightforward input excitation. Depending on the characteristics of the asymmetry, we
have distinguished two different categories of asymmetry, which we called directional and
adirectional asymmetries. Both the asymmetries break the axial symmetry of the original
probe. However, the directional asymmetry consists in an asymmetry along one specific
spatial direction; more specifically the structural modification exhibits a plane of symmetry.
The adirectional asymmetry is devoid of reflection symmetry. In the first case, field
localization is expected under linearly polarized excitation along the preferential spatial
direction; in the second case, the field localization effect is almost insensitive to the direction
of the input linearly polarized excitation. Hence, although both the categories of asymmetry
obviate the need for a radially polarized excitation, adirectional asymmetries waive any
requirement on the input polarization, with a further simplification of experimental
procedures.

Probe design and modelling has been carried out adopting a numerical approach based on
the finite element method. Two different implementations of directional asymmetries (a
probe based on an oblique cut and one on asymmetric corrugations on the external metal
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coating) have been considered as well as two different configurations of the pioneering
adirectional probe design (a probe with a spiral corrugation and one with azimuthal
corrugations arranged in a spiral-like fashion). A 3D analysis of mode propagation has
confirmed that properly tailored asymmetries can bring about field localization effects
under linearly polarized excitation comparable to those achieved in an axisymmetric probe
under radially polarized excitation. Moreover, the adirectional design guarantees more
robustness against variations in the input polarization direction. Structural parameters can
be optimized to get better near-field distributions in terms of FWHM and peak value. In
general, probes with more extended asymmetries have shown to result in better overall
performance.

The fabrication of the modified structures can benefit from well-established technologies for
probe fabrication. In particular, the asymmetry itself can be introduced using FIB
nanostructuring, as shown, for example, for the probe with an oblique cut. In this case, the
slicing approach, already used for the creation of aperture probes, has been properly
adapted for the creation of the novel probe.

In conclusion, these new promising probe concepts could result in significant headways
towards high-resolution SNOM applications.
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