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Abstract
Scanning near-field optical microscopy (SNOM) is a well-known powerful optical technique for
visualization of surface nanostructures and fields far beyond the diffraction limit and thus
indispensable in material- and nanoscience. While the SNOM resolution is theoretically unlimited,
the SNOM performance is in practice constrained by the signal-to-background ratio, simply
because of light scattering scaling down as the sixth power of a nanoparticle size and useful signals
rapidly drowning in the background for very small objects. In modern instruments, this problem is
usually ameliorated through advanced post-processing techniques. Here, we suggest using, instead
or in parallel, a ‘dark’ SNOM probe designed to suppress the background light scattering, so that
the scattering occurs only when the probe is very close to a nanoscopic object. We argue and
demonstrate with simulations that the dark-probe SNOM imaging is much more sensitive to the
presence of tiny nanoparticles or any other nanoscale features, allowing thereby for superior
resolution and sensing capabilities that are invaluable for nano-optical characterization.

1. Introduction

Optical imaging with high spatial resolution at the nanometer scale provides the path to the understanding
of fundamental microscopic processes from the charge carrier dynamics in optical nanostructures to
biological effects in cellular systems [1–4]. However, the resolution of a classical optical microscopy is
generally limited by the diffraction to the half of the operating wavelength. To overcome this limitation,
significant progress has been made over the past two decades through the development of various
high-resolution techniques for optical characterization, including two-photon fluorescence microscopy [5],
structured illumination microscopy [6], stimulated emission depletion microscopy [7], stochastic optical
reconstruction microscopy [8] and scanning near-field optical microscopy (SNOM) [9]. Scattering-type
SNOM (s-SNOM) is a particularly attractive technique with several unique advantages, including probing
beyond the Abbe diffraction limit with wavelength-independent nanometer resolutions and polarization-,
amplitude- and phase-resolved characterization of electromagnetic near-fields. These features combined
make the s-SNOM one of the most powerful tools available for deterministic and non-destructive
nano-optical characterization of electromagnetic properties of various nanostructures and materials [9–12].

The s-SNOM technique utilizes scattering of free-space propagating light by an atomic force microscope
(AFM) probe tip placed in the vicinity of nanostructured objects. The AFM probe serves as an optical
antenna to convert nanostructured near fields formed by probe-object interactions to the propagating away
(towards a remote detector) far-field components. In addition, a sharp probe, which is usually made of
metal-coated semiconductor (silicon Si) [13], provides strongly confined and enhanced electrical fields that
interrogate the sample surface enabling thereby subwavelength resolution [14, 15]. The electric field
confinement around the probe tip is determined by the curvature radius of the tip apex [16], which is of the
order of 10–100 nm. The probe-confined and enhanced electrical fields generate useful signals through
probe-sample interactions and scattering towards a remote detector. At the same time, the illuminated by the
incoming laser beam area, being diffraction limited is significantly larger than the probe-sample interaction
area. The scattered toward a detector light therefore contains not only useful signals but also the background
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produced by scattering off the sample surface, cantilever and the probe tip itself [17]. Since useful signals
generated by near-field probe-sample interactions are much weaker than the background, it is of crucial
importance to accurately discriminate the signal from the background, a task that is usually dealt with by
detecting high harmonics in the detected time-varying signals modulated by varying in time the
probe-sample distance [9, 18]. However, for larger probes and smaller object features, the background level
rapidly becomes dominant even in high harmonics, rendering near-field signal contributions scrambled and
nanostructured object features indistinguishable.

A similar problem exists also in the domain of classical optical microscopy: very small or low-contrast
features are often difficult to distinguish on a bright background created by a transmitted or reflected light.
This problem is solved by blocking the directly transmitted or specular reflected, i.e. unscattered, optical
fields. The corresponding technique, dark-field microscopy, results in images that are generally dark with
bright sample features clearly discernible. Inspired by this classical approach, we started looking for ways to
suppress strong background light scattering, quickly realizing that, in the context of near-field microscopy,
this means to employ a probe that does not scatter incident (illuminating) light when being away from a
sample surface, i.e. to employ a ‘dark’ probe. We considered a probe tip to be represented by a small sphere,
which is widely used to estimate the scattering cross-section in s-SNOM [9, 19, 20]. A promising strategy to
achieve a non-scattering probe is to utilize a dielectric core coated with a metallic shell. The core–shell
(C-Sh) particles (with nm-think shells) have been introduced more than 20 years ago [21] and used for
numerous practical applications [22, 23]. Since the local polarization vectors of the dielectric core and
metallic shell have opposite signs, the two electric dipole moments can cancel each other, nullifying a dipolar
polarizability and thus strongly reducing the light scattering by such a C-Sh particle [24]. We have however
realized that this approach is not practical because of being valid only within the limits of the quasistatic
approximation when the size of the particle is much smaller than the incident light wavelength [25]. A more
general approach should involve the multipolar engineering [26]. While being negligible in homogeneous or
small (compared with the effective wavelength) particles, the interaction between the toroidal and Cartesian
moments may become crucial in high refractive index dielectric or hybrid C-Sh particles [27, 28]. The
destructive interference between the toroidal and Cartesian multipoles leads to the emergence of the
so-called optical anapole states, which are characterized by strongly suppressed far-field scattering [28, 29].

Here, we introduce a dark probe s-SNOM approach involving the use of a Si-core Au-shell particle
designed to operate in an anapole state, which is achieved by identifying the core radius and shell thickness
corresponding to the operating wavelength. A three-dimensional full-wave numerical finite element
method-based analysis has been conducted to calculate the optical response of the Si, Au and Si–Au C-Sh
probes, revealing the peculiarities of their interaction with metallic and high-index dielectric nanosized
objects. We show that the dark C-Sh probe provides improved interaction with both dielectric and metallic
objects compared with homogeneous dielectric and metallic probes. Moreover, by considering the detection
of only forward scattered waves instead of all scattered ones and using radially polarized illumination, one
can further improve the spatial resolution and contrast in the dark-probe SNOM imaging.

2. Probe-object configuration and simulation details

The geometry of the probe-object configuration is illustrated in figure 1(a), where a section of a C-Sh
particle is removed to show the internal structure; the object is represented as a small sphere and the
scanning is performed in the XY plane. The particle is composed of a Si core with a radius of 100 nm covered
by a 10 nm thick Au shell. The core radius is chosen close to the real-life s-SNOM tip apex radius, while the
shell size was chosen to tune the anapole state to maintain in the near-infrared region. The simulation model
comprises a C-Sh probe positioned at the center of the coordinate system and surrounded by a concentric
sphere whose radius is larger than the incident wavelength. The entire system is enclosed by a perfectly
matched layer intended to imitate a free space by eliminating the back-scattering of electromagnetic waves.
The so-called scattered field formulation of commercial COMSOL Multiphysics software was used to
properly calculate the scattered field produced by an object placed in the incident background field. We first
show the total scattering efficiency (scattering cross-section normalized to the geometrical cross-section) of
the C-Sh particle (black line) and compare it with a pure Si and Au spheres (blue and red lines, respectively)
(figure 1(b)). The Si particle has a radius of 100 nm (identical to the core of the C-Sh), and the radius of the
Au particle is 110 nm. The material properties (refractive indices) of Si and Au were exploited from [30] and
[31] respectively and the ambient medium of a particle is air. One notices a well pronounced deep minimum
in the scattering spectrum of the C-Sh particle at the wavelength of 1320 nm, where the scattering is nearly
one order of magnitude smaller than from the homogeneous Si sphere.

This wavelength corresponds to the first anapole state of the C-Sh particle, i.e. the destructive
interference between electric and toroidal dipole moments [32]. Another minimum in the scattering of the Si
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Figure 1. (a) Schematic sketch of the Si–Au C-Sh probe and nano object. (b) Spectrum of the scattering efficiency Qscat of the
C-Sh (black) and homogeneous Si (blue) and Au (red) particles. The core radius is 100 nm and the shell thickness is 10 nm. The
Si particle is identical to the core of the C-Sh particle (rSi = 100 nm), while the radius of the Au particle is 110 nm.

Figure 2. Comparison of scattering efficiency spectra of C-Sh particles with different (a) shell thickness (8 nm-blue, 10 nm-black,
12 nm-red) at a constant core radius of 100 nm and (b) core radius (90 nm-blue, 100 nm-black, 110 nm-red) at a constant shell
thickness of 10 nm.

sphere is seen at the wavelength of 584 nm (figure 1(b)). The reason for this is the fact that the high refractive
index particles having a radius of the same order as the effective wavelength inside the particle may support
both electric and toroidal higher order modes, resulting in the formation of anapole states in this material
[33]. However, in this case, the scattering efficiency does not decrease as strongly as for the C-Sh particle due
to the contribution of other multipoles to the total scattering [34]. The main advantage of using C-Sh probes
is that the anapole wavelength can be engineered by adjusting the shell thickness.

The anapole state in the hybrid C-Sh particles is noticeably influenced by the geometrical sizes, such as
core radius and shell thickness. For a quick estimation of the resonance tunability, one can use, as a guideline,
the electrostatic scaling rule for nm-size C-Sh particles, for which only the ratio between the core radius and
shell thickness is important. Indeed, our accurate simulations show that the position of the anapole state of
the C-Sh probe blueshifts as the shell thickness increases and/or the core radius decreases. Thus, the anapole
wavelength of C-Sh probes with the 8, 10 and 12 nm thick shells, while the core radius is kept at 100 nm,
decreases from 1401 nm, to 1320 and 1263 nm, respectively (figure 2(a)). Concomitantly, decreasing the core
radius in steps of 10 nm from that equal to 110 nm, while the shell thickness is kept at 10 nm, introduces a
similar blueshift in the anapole wavelength, which decreases from 1396 nm to 1320 and 1240 nm,
respectively (figure 2(b)). Therefore, the anapole position and hence the scanning wavelength can efficiently
be engineered by the corresponding choice of the shell thickness and core radius, enabling thereby the
investigation of various nano objects at different wavelengths.
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It is worth mentioning that the suppression of a certain multipole (dipole moment in our case) may not
lead to strong scattering suppression, if the contribution of other multipoles is considerably large. The typical
way of suppressing the undesired multipoles is to modify the geometry of the particle, for example, the shift
from a dielectric sphere to a disk, suppresses the magnetic dipole moment in it because a thin dielectric slab
supports only a transverse electromagnetic (TEM) mode with in-plane electric and out-of-plane magnetic
fields [33, 35, 36]. This can also be done by using non-homogeneous illumination, particularly a focused
radially polarized beam, which generates strong longitudinal polarization in the focus.

We further proceed with the analysis of the probe-object interactions assuming that (i) at the initial
position, the 110 nm radius probe is placed at the origin of the coordinate system and the object is below the
probe such that the separation gap between their surfaces is 1 nm along the z-axis; and (ii) the probe is
illuminated by a radially polarized electro-magnetic wave propagating along the -z direction [37].

3. Dark-probe SNOM imaging

The dark-probe SNOM imaging was investigated by considering the C-Sh probe under the radially polarized
illumination at the wavelength of 1320 nm, corresponding to the probe anapole state. We computed
two-dimensional (2D) maps of the normalized scattered power as a function of the object position in the XY
plane in figure 3(a). The object is an Au (Si) sphere with a radius of 30 nm. It should be noted that the object
material is expected to be of secondary importance, influencing only the degree of near-field perturbation. Si
and Au were chosen as nano object materials to demonstrate the possibilities of resolving high-index
dielectric and metal objects (representing two extreme cases with respect to the dielectric susceptibility) with
the proposed C-Sh dark probe. Hereinafter, the scale bars of all 2D plots are normalized to the total scattered
power of the isolated object and probe. It is seen that the interaction between the probe and object is the
strongest when the probe is directly above the object, producing about 1.5-fold enhancement of the scattered
power compared to that produced by the isolated probe (figure 3).

When operating at λ= 1320 nm, the C-Sh particle is not expected to scatter electromagnetic fields
(figure 1(b)), however moving the object close to the probe causes distortion of the anapole state of the
probe such that the dipole and toroidal moments do not cancel each other anymore, resulting in an increased
scattering of the probe-object system. Figure (b) shows the spatial variations of the normalized scattered
powers for a C-Sh (black), Au (red) or Si (blue) probes (all having the same external diameter) and Au (top)
and Si (bottom) nanospheres as an object, when conducting a linear scan along the x-axis (the cutline is
marked with a dashed line in figure 3(a)). Hereinafter all the linear plots are normalized to their peak value,
to be able to juxtapose the signals from different probes. It is seen that, for both nano objects, the C-Sh probe
demonstrates the best imaging performance, providing the smallest images of both Au and Si nanospheres.

To investigate the spatial resolution improvement when imaging with the C-Sh probe, we calculated the
scattered power in the XY-plane for different probes scanning over two identical Au nanospheres with a
radius of 30 nm and interparticle center-to-center distance of 120 nm (figure 4). The scattered power
contrast between the positions when the probe is right above one of the objects and at the furthest distance in
the XY-plane is improved compared with that of one nano object.

As in the previous consideration (figure 3(b)), the imaging of two objects with different probes (Au, Si
and C-Sh) being scanned over either Au (top plot) or Si (bottom plot) object nanospheres is compared in
figure 4(b). Two bright spots with enhanced signals are observed in the calculated images (figure 4(a))
corresponding to the position of the probe right above each of the nano objects, with sufficiently pronounced
dips seen when the C-Sh probe passes over the center of the object separation with the normalized scattered
power decreasing to∼0.91 for Au and∼0.96 for Si object nanoparticles. For both metallic and high-index
dielectric object compositions, the contrast observed in the scattering SNOM images is noticeably improved
when using the C-Sh probe. Such a contrast would allow one to safely resolve these nano objects, whose sizes
(60 nm in diameter) are considerably smaller (>3 times) than that of the 220 nm diameter C-Sh probe.

Depending on the incident beam direction and the detection scheme, two s-SNOMmodes are
categorized: oblique incidence mode and transmission mode. In the first mode the exciting laser, tip and
collecting optics with the detector are placed above the sample and the non-transparent substrate, and the
signal reflected (scattered) from the sample is detected and eventually analyzed. On the other hand, the
transmission-mode detection scheme exploits forward scattered signals to retrieve the amplitude-phase
distribution of a nanostructure [13, 38]. Here, however, the optically transparent substrates at exciting
wavelengths of the SNOM tip need to be employed. The analysis above shows the dependence of the
normalized total scattered power on the relative position of the probe-objects, where the scattered power in
all scenarios was calculated over a spherical surface enclosing the entire system. The operation of the
suggested s-SNOM system in the transmission mode, when the forward-scattered signal from the nano
object is used for near-field analysis is demonstrated in figure 5. Since, in this configuration for collecting the
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Figure 3. (a) 2D color-map plot of the normalized total scattered power of a system composed of a C-Sh probe and one spherical
Au nano object as a function of the x- and y-positions of the nano object relative to the probe. (b) Comparison of the C-Sh
(black), Au (red), and Si (blue) probes performance for Au (top) and Si (bottom) nano objects. The minimum gap width between
the probe and object is 1 nm, the radius of the object is 30 nm, and the incident wavelength is 1320 nm. The system is excited by a
radially polarized wave.

Figure 4. (a) 2D color-map plot of the normalized total scattered power of a system composed of the C-Sh probe and two
spherical Au nano object as a function of the x- and y-positions of the center mass of the two gold spheres relative to the probe.
(b) Comparison of the C-Sh (black), Au (red), and Si (blue) probe performance for Au (top) and Si (bottom) nano objects. The
interparticle center-to-center distance between the nano objects is 120 nm.

signal, long working distance objectives are used (there should be some space left for the tip), we calculated
the forward-scattered power within a solid angle in the illumination direction corresponding to a typical
numerical aperture (NA) of 0.6. Figure 5(a) shows the 2D map of the normalized forward-scattered power
dependence on the probe position in respect to the two identical gold nanospheres in the XY plane. The sizes
of nanoparticles, as well as their distance are as in figure 4.

Normalization, in this case, is performed by the sum of powers scattered from the isolated probe and
nano objects in the forward direction within the solid angle with NA= 0.6. One can note that the maximum
value of the normalized power in forward direction (∼2.2) is larger than the total scattered power (∼1.6) and
the power contrast between the peak values (when the probe is right above a nanoparticle) and the central
dip (when the probe is right above the center of mass of nanoparticles) is noticeably improved. It is also seen
in figure 5(b), comparing the dependence of the normalized total (top) and forward-scattered (bottom)
powers on the position of the probe along x-axis (dashed horizontal line in figure 5(a)) considering Au, Si
and C-Sh probes, and Au nano objects. The normalized total scattered signal corresponding to the probe
position above the center mass of nano objects is 0.91 in respect to the peak value, whereas that for the
forward-scattered power is 0.84.
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Figure 5. (a) 2D color-map plot of the normalized forward-scattered power of a system composed of a C-Sh probe and two
spherical Au nano object as a function of the x- and y-positions of the center mass of the two gold spheres relative to the probe.
(b) Comparison of performances of C-Sh (black), Au (red), and Si (blue) probes with two Au nano objects. The top plot
corresponds to the total scattered power and the bottom plot-scattered power in the forward direction calculated within a solid
angle with NA= 0.6.

4. Differential dark-probe SNOM imaging

Similarly, to the s-SNOM, the contrast in the scattered power map can significantly be enhanced by
subtracting the maps obtained at different distances between the probe and nano objects (figure 6). Here the
differential power was derived as follows: first the scan in the XY plane was performed at the minimum
(1 nm) distance between the probe and nano objects planes. Then the distance is increased to 5 nm and the
final image was computed via point-by-point subtraction of the normalized scattered powers:

Norm∆Pscat = P1 (x,y,z1) − P2 (x,y,z2) , (1)

where P1 corresponds to the normalized scattered power of the system with the minimum distance between
surfaces of the object and probe of 1 nm, and P2—with the minimum distance of 5 nm. Recall that both P1
and P2 are normalized via the total scattered power of the isolated probe and nano objects. The proposed
method for obtaining differential maps is essentially a first-order approximation of the demodulation
process employed in the conventional s-SNOM, representing thereby the numerical implementation of its
tapping mode operation. Figure 6(a) shows 2D differential map of the normalized total scattered power
Norm∆Pscat of two identical Au particles with a radius of 30 nm and interparticle center-to-center distance
of 120 nm; and (b) plots the dependence of the total (black line) and forward (red line) scattered differential
power on the x-position of the center mass of nano objects. Dashed circles in (a) stand for the perimeter of
nanospheres. The scattered differential signal is practically zero in the regions around the nanoparticles as
particles do not interact with the probe and hence varying the distance does not alter the scattered signal.
Moreover, a large contrast between peaks and the central dip is also achieved in this case with the differential
power approaching zero at the center of the interparticle gap thus making the hotspots clearly resolved.

Here again, the operation based on the transmission mode provides a higher normalized scattered signal
in the forward direction compared with the total scattered power. The full width at half-maximum of the
∆Pscat(x) curve is about 42 nm and 45 nm for the forward and total scattered differential signals, respectively.
To demonstrate the imaging performance of a C-Sh dark-probe with smaller objects, we considered
nanoparticles having a radius of 20 nm and interparticle center-to-center distance of 80 nm. The results are
shown in figures 6(c) and (d) in a similar manner as for 30 nm radius particles. One can see that unlike the
case of larger particles, here the differential signal in the region between the particles did not vanish; and the
contrast between the peak and central dip values of the differential scattered power is not as pronounced as
for larger particles. The main reason for this is that when the distance between a 110 nm radius probe and
20 nm radius spheres is increased, the probe-nano object interaction is weakened due to their small sizes and
interparticle distance. As a result, the two maxima of normalized Pscat(x) corresponding to the probe
position above each nanosphere are hardly distinguishable; and the contrast is not effectively improved.
However, the peak-to-dip depths are nearly 4.5 and 2.15 for the total and forward-scattered powers,

6



New J. Phys. 25 (2023) 103015 H Parsamyan et al

Figure 6. (a) 2D differential maps of the normalized total scattered power∆P as a function of the x- and y-positions of the center
mass of the two gold spheres relative to the probe. Au particles have a radius of 30 nm and interparticle center-to-center distance
of 120 nm. (b) Linear scan plots representing normalized total (black lines) and forward (red lines) scattered differential power as
a function of the x-position (y = 0). (c), (d) The same for particles with a radius of 20 nm and interparticle center-to-center
distance of 80 nm. Dashed circles stand for the perimeter of nanospheres.

respectively, and the two distinct hot spots are still clearly distinguishable. For comparison, those for
above-considered larger particles (with 30 nm radii) are about 23.4 and 10.6 for the.

One of the widely employed s-SNOM experimental schemes is based on the detection and analysis of the
reflected (scattered) signal from the samples under test distributed on an opaque substrate. In this case, the
back- or forward-scattered signal can be collected by side lenses. To show the operation according to this
scheme, the scattered power was calculated within two solid angles corresponding to NA= 0.6 positioned on
the left- and right-hand sides of the probe (with the base being parallel to the XZ-plane, the z-axis being
parallel to the propagation direction of the exciting beam and nano objects being separated along the x-axis).

The results of the scan, i.e. 2D differential image of the sum of normalized left- and right-scattered power
of two identical Au particles (with the dimensions as in figure 6(a)) are shown in figure 7(a), while figure 7(b)
shows the differential power as a function of the probe position along the x-axis (white dashed line in figure
(a)). Two hot spots in the differential power map are clearly resolved with a peak-to-dip depth of about 9.4.
Hence, the suggested C-Sh probe can be used for electric near-field mapping of nano objects distributed on
either optically transparent or opaque substrates, where forward- or side-scattered signals are to be analyzed.

Finally, to compare the resolving performance of the proposed C-Sh probe with that of a widely used
homogeneous metallic probe, we calculated the linear scans of two 25 nm radius Au object nanospheres
performed with the ‘dark’ C-Sh and Au probes of equal total radii of 110 nm (figure 8).

The center-to-center distance of 55 nm was chosen to better test the resolution of SNOM imaging. It is
seen that the peak-to-dip depth of the normalized forward-scattered differential power in the case of the
C-Sh probe is about 5.8, whereas that of the Au probe is only 3.6, justifying the superior resolution of the
dark-probe s-SNOM.
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Figure 7. (a) 2D differential map of the sum of normalized left- and right-scattered power∆P of two identical Au particles and a
probe as a function of the probe x- and y-coordinates. Au particles have a radius of 30 nm and interparticle center-to-center
distance of 120 nm. (b) The normalized scattered differential power as a function of the x-position along the dashed white line in
(a).

Figure 8. Linear scans representing normalized forward scattered differential power as a function of the x-position (y = 0), when
Au (black) and C-Sh (red) probes having equal total radii are used to map two Au particles with a radius of 25 nm and
interparticle center-to-center distance of 55 nm.

5. Discussion and conclusion

In this work we have introduced a conceptually novel s-SNOM operation mode, a dark-probe s-SNOM,
which is based on using a specially designed SNOM probe whose scattering is strongly suppressed when the
illuminated probe is away from nanostructures to be inspected. With the background light scattering being
suppressed, the efficient light scattering occurs only when the probe is very close to a nanoscopic object. We
have argued that the dark-probe SNOM imaging should be much more sensitive to the presence of tiny
nanoparticles or any other nanoscale features, allowing thereby for superior resolution and sensing
capabilities. We have further suggested that the probe should be designed to operate in an anapole state and
considered the suitably devised Si-core Au-shell 110 nm radius spherical probe operating at 1320 nm. We
should note that, although the ‘dark’ state of a probe is achieved only within a narrow bandwidth, the
dark-probe s-SNOM can be used in applications where the wavelength variation is not required, such as
mapping near fields of optical waveguides. Also, to operate at different wavelengths, different C-Sh probes
with different core radii or shell thicknesses can easily be designed as described in our work. We would like to
further note that although a practical SNOM probe is not necessarily spherical and usually connected to a
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macroscopic trunk contributing to the background scattering, the simplified configuration considered is
useful to reveal the underlying physical mechanisms at play in the s-SNOM. Furthermore, there have been
described numerous SNOM configurations, including those using an isolated small particle positioned with
the help of optical tweezers in aqueous solutions [39] or being attached to the apex of low-index (fiber)
probe [40]. These SNOM configurations are very closely related to that we considered in the present work. In
general, one can attempt implementing the idea of a ‘dark’ probe in any practical s-SNOM configuration
(i.e. for given probe materials and shapes involved along with given illumination and detection
arrangements) by tuning the probe geometry and material composition to a minimum of background
scattering. We also want to mention that the creation of anapole state was reported for a truncated conical
structure of an arbitrary size [41], highlighting the possibility of creation of an anapole states in geometries
that are lacking spherical symmetry. In this context the combination of a conical structure with C-Sh particle
will simply increase the tunability of the anapole state. It is expected that the results presented in our work
can also be useful in this general case by highlighting important matters, such as the influence of polarization
and detection direction.

A three-dimensional full-wave numerical finite element method-based analysis has been conducted to
calculate the optical response of the Si, Au and Si–Au C-Sh probes, revealing the peculiarities of their
interaction with metallic and high-index dielectric nanosized objects. We have shown that the dark C-Sh
probe provides improved interaction with both dielectric and metallic objects compared with homogeneous
dielectric and metallic probes. Moreover, by considering the detection of only forward scattered waves
instead of all scattered ones and using radially polarized illumination, we have demonstrated that one can
further improve the spatial resolution and contrast in the dark-probe SNOM imaging and thereby resolve
nano objects that are much smaller and closer than the probe size. We believe that the suggested dark-probe
SNOM operation may find various applications, especially when dealing with complicated matters, and
turned out being invaluable for nano-optical characterization.
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