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Abstract
Silver nanoparticles on a glass substrate are experimentally investigated by aperture scanning
near-field optical microscopy (a-SNOM). To understand the experimental results, finite-element-
method simulations are performed building a theoretical model of the a-SNOM geometry. We
systematically vary parameters like aperture size, aluminum-coating thickness, tip cone angle,
and tip-surface distance and discuss their influence on the near-field enhancement. All these
investigations are performed comparatively for constant-height and constant-gap scanning
modes. In the end, we establish a reliable and stable optical model for simulating a-SNOM
measurements, which is capable of reproducing trends observed in experimental data.
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1. Introduction

Scanning near-field optical microscopy (SNOM or NSOM)
has made a remarkable contribution to nanoscience as it offers
subwavelength resolution imaging and spectroscopy by
combining scanning-probe technology with optical micro-
scopy. It merges the advantages of being a non-destructive,
vacuum-free, and low-cost method that can be applied to
various sample types and is relatively easy to operate. The
technology provides a powerful tool to study e.g. surface
plasmon polaritons (SPP) [1–6] or localized surface plasmons
(LSP) [7–11] with high spatial resolution and has hence found
application in different research fields like physics [1–8,
11–13], chemistry [9, 14], and life science [15, 16].

SNOM can be employed in scattering configuration (s-
SNOM), where laser light scattering from a metal tip is
exploited for near-field generation, or in aperture mode (a-
SNOM), where a tip with a small opening is used. In the latter
case, either the illumination or the detection may occur via the
aperture tip, leading to the so-called illumination or collection
mode, respectively. Thus, in illumination mode, the genera-
tion of localized near fields at the surface happens with an
aperture tip, whilst the detection takes place in the far field,
i.e. far away from the tip. In other words, the relevant light–
matter interaction occurs in the near field at the sample sur-
face, but the optical image is formed in the far field by
detecting intensity changes at very large distances from the
sample. Therefore, the need arises to investigate how the
evanescent fields transform into propagating fields carrying
near-field information about the sample.

For fundamentally understanding the mechanism of tip-
sample interaction, versatile and at the same time accurate
computational methods are required. However, there are
various challenges involved due to the high complexity of the
SNOM system including different length scales: the sample
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features under investigation are usually nano- or microscopic,
whilst they are adherent to a semi-infinite substrate that also
influences the optical behavior. The tip is orders of magnitude
larger than the nanostructures, yet the interaction is very
subtle and strongly influenced by the nanoscopic features of
the tip end as well as by the scanning process.

Starting from the 1990s, great efforts have been devoted
to theoretically understanding image formation in near-field
optical microscopy, see for example the two extensive review
articles by Girard and Dereux [17] and Greffet and Carminati
[18]. Besides, there is a later review focusing on imaging by
s-SNOM and a-SNOM in collection mode (here called
c-SNOM) [19]. In the last years, many papers have been
published on SNOM measurements of plasmonic and pho-
tonic nanostructures and the comparison to numerically cal-
culated field distributions of the same. An abundant summary
is impossible, thus we just mention three examples, namely
the investigation of Airy surface plasmons [20], and phase
micro-Fresnel zone plates [21], (both employing a-SNOM in
collection mode), as well as imaging random metal nano-
particle arrays using a-SNOM in illumination mode [22].
Regarding the theoretical investigation and simulation of
SNOM measurements including the tip, the literature, how-
ever, is not as extensive. 1D/2D analytical simulations of
s-SNOM configurations can e.g. be found in [23, 24]. An
experimental and numerical study of a-SNOM in collection
mode under consideration of the tip was performed using
simulations in finite-difference time domain (FDTD) with an
emphasis on variations of illumination wavelength and
polarization [25]. As to a-SNOM in illumination mode, the
mechanism of image formation was investigated for magnetic
fields experimentally and numerically under consideration of
the tip in FDTD simulations [26]. Recently, a dual tip SNOM
was used to image with one tip the near-field emission pattern
from the other one, and the experimental results were brought
in line with numerical calculations based on the Bethe–
Bouwkamp theory; interestingly, different tip geometries and
coatings were considered [27].

Our focus is on the regularly used single-tip configura-
tion of an a-SNOM in illumination mode, i.e. the illumination
occurs through a small opening at the tip end and the detec-
tion takes place in the far field. Furthermore, we treat the tip
in a multi-dimensional manner and extend the range of
parameters considered in the simulations for the aperture size,
the coating thickness, and the cone angle as well as the dis-
tance between tip and sample. For this purpose, we revert to
numerical simulations employing the finite-element method
(FEM). It allows a meshing that is highly adaptive to the
respective geometry and a local solution of Maxwell’s
equations.

The software used is COMSOL Multiphysics and we
apply it to describe experimental measurements of regularly
arranged silver nanoparticles on a glass substrate. We con-
sider various parameters describing the tip geometry like
aperture size, cone angle, coating thickness, or tip shape.
Furthermore, we study the tip-particle interaction by con-
sidering different scanning modes and sweeping the distance
between the sample and the tip. The calculation results are

compared to the experimental measurements and finally, a
numerical 2D model is established for describing the SNOM
investigation of nanoparticles.

2. Experiment and simulation

2.1. Experimental configuration and measurements

The near-field of silver nanoparticles is investigated by
experiment and used as a reference for the simulations. A
sample of regularly arranged silver nanoparticles is produced
by shadow nanosphere lithography using polystyrene spheres
as a mask [28]. After the deposition of a 60 nm silver film on
the close-packed polystyrene-sphere mask the spheres are
dissolved. As a consequence, regular metal patches are left on
the glass substrate at the original interstices. To form sphe-
rical nanoparticles, the sample is annealed at 300 °C for
20 min, resulting in silver nanoparticles with 140 ± 20 nm
diameter.

Such samples of silver nanoparticles are measured with a
custom-built a-SNOM in illumination mode. Whereas a
classical atomic force microscope (AFM) exploits the forces
emerging between the tip and the sample for profiling the
surface topography, a SNOM additionally collects optical
information, which in the case of a-SNOM results from
illumination and/or detection through an opening in a fiber-
based tip. In our case, a 532 nm CW laser is coupled into the
aperture tip and illuminates the particles in the near field as
shown in figure 1(a) (illumination mode). Figure 1(b) presents
the topography of the silver nanoparticles obtained during the
scanning probe measurement. Transmitted and reflected
electric field intensities are simultaneously recorded while
scanning across the particles and are shown in figures 1(c)
and (d).

The transmission results reveal minimum intensity at the
position of the nanoparticles and an enhanced field around
them. This circumpherical field enhancement is commonly
observed for the interaction of unpolarized light with metal
nanoparticles resulting in fundamental and higher order
modes and can there be attributed to localized surface plas-
mon polaritons [29]. Another dip in transmission intensity is
found at the center of the hexagonal ring formed by six
particles, highlighting the interaction of immediately neigh-
boring particles in between which high intensities are
observed. On the other hand, the reflectivity shows
enhancement on the top of the particles representing metallic
reflection. A circular enhancement around the hexagonal unit
cell formed by every six particles is also obvious in the
reflectivity as shown in figure 1(d). A lower intensity signal
together with more pronounced fine structures is typical for
reflectivity measurements since the scattered light has to be
detected under an angle where no shading from the tip occurs.
Figures 1(e)–(g) show line profiles through two directly
adjacent nanoparticles as extracted from the pictures in
figures 1(b)–(d). The high and low-intensity areas are clearly
visible as is the higher noise in the reflectivity measurement.
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For an improved understanding of the experimental
results, a numerical simulation model is required. However,
SNOM is a very complex system with various parameters to
be considered. The most critical part is the aperture tip. In this
work, a commercial aperture tip (LovaLite, type E50,
HPSC10 multimode fiber, Al coated, 100 nm aperture) is used
which was fabricated from a fiber in two main steps as shown
in figure 2. First, a transparent taper with a sharp apex is
created by heating with a CO2 laser and pulling [figure 2(a)].
Second, an entirely opaque aluminum film is coated on the
cone walls to form a transmissive aperture at the apex only
[figure 2(b)]. The aluminum coating is conducted under an
angle while rotating the tip, to form an opening at the tip end.
This fiber-based tip has a sharp end with an opening of around
300 nm in diameter as shown in the scanning electron
microscopy (SEM) images figures 2(c) and (d).

According to the fabrication process, several parameters
have to be considered. First of all, the tapering and pulling
process introduces the variables angle of the tip end and size
of its opening. The coating thickness can be set to a well-
defined value. Due to the coating angle and the tip rotation,
the thickness of the coating at the tip end, however, is not well

defined, thus creating another variable. Additionally, from
SEM images of the fabricated tip, it is clear that the very end
of the tip is neither smooth nor has a sharp and clean edge.
Tiny grains are present at the side of the tip and at the opening
edge. They should be considered as a parameter of tip
roughness or specific shape in the simulation. Following the
observation of these variables, three main parameters are
included in the tip model as shown in figure 3(a): angle of the
tapered end (cone angle), size of the aperture (opening), and
thickness of the aluminum coating (coating). Considering the
roughness and attached tiny grains at the very end of the tip,
later on, different shapes of the tip are considered in addition.
Furthermore, the parameter gap describes the shortest dis-
tance between the tip end and the nanoparticle surface.

With a shear-force feedback control system, SNOM can
be operated in two widely used modes of scanning the tip
across the object as shown in figures 3(b) and (c). In constant-
gap mode, the SNOM tip is held at a constant distance (equals
gap) to the sample surface, which simultaneously provides the
topography information. However, the tip height, changing
with the sample surface, results in a coupling between the
optical near-field signal and the topography. In contrast,

Figure 1. Results of aperture SNOM measurement in illumination mode: (a) sketch of the tip-matter interaction, (b) topography, (c)
transmitted intensity (transmission), (d) reflected intensity (reflectivity), and (e)–(g) line scans from (b)–(d) along the indicated green lines.

Figure 2. Fiber-based aperture-tip fabrication: (a) tapered fiber prepared by heating and pulling, (b) evaporation geometry of the aluminum-
coating process: evaporation takes place under an angle slightly from behind while the tip is rotating, (c) and (d) SEM images of aluminum-
coated aperture tips prepared by pulling.
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scanning at constant height will not represent the topography
but can minimize the coupling between the optical signal and
the topography. To cross-check the influence of height change
of the tip, these two different working modes of SNOM are
simulated and discussed separately.

Considering all the variables of the tip-matter interaction
system, it is important to investigate the influence of each
parameter to establish a reliable simulation model. In the
following sections, we will study the critical parameters and
discuss their influence on the SNOM results to develop a
realistic simulation model capable of describing experimental
measurement.

2.2. SNOM setup in FEM simulation

Figure 4 depicts the tip-matter system consisting of the
aperture probe, the nanoparticle sample, and the far-field
detection, all to be considered in the FEM simulation. How-
ever, it is impossible for COMSOL to deal with such a
complex 3D model. To simplify the simulation, we transform
it into a 2D model given in figure 4(b). Regularly arranged
silver nanoparticles are placed on a glass substrate. In the
middle of the fully considered fiber tip, a plane-wave light

source is introduced propagating light along the tip towards
the sharp opening. The particles are then illuminated with the
localized electric field exciting the aperture.

The tip location is defined based on the vertical (height)
and lateral position of the central opening. By controlling the
height and position, the scanning of the tip across the sample
can be simulated and the tip-sample gap tuned. Two different
modes are studied: For the constant-height mode, the height
of the tip is fixed at a constant distance above the glass
substrate, which equals the maximum elevation of the sample
surface plus the gap value. By using parameter sweeping in
COMSOL, the position of the tip opening is varied to simu-
late the tip scanning across the sample surface. For the con-
stant-gap mode in contrast, we first use a Matlab code to
define the scanning path of the tip for a specific sample sur-
face. The tip-surface distance is now fixed to the gap value
but the height is changing according to the geometry of the
sample surface while the tip is scanning across. We then
import the scanning path into the COMSOL model for further
simulations.

Transmission and reflectivity are recorded by computing
the power flows through the boundaries labeled with T and R,
respectively, while the tip is scanned across the nanoparticle

Figure 3. (a) Critical parameters for a simplified 2D model of an a-SNOM tip; (b) constant-gap scanning mode; (c) constant-height
scanning mode.

Figure 4. (a) Schematic of a typical a-SNOM geometry in illumination mode: near-field excitation of the silver nanoparticle sample through a
metal-coated fiber tip and far-field detection by a collection objective depicted here in transmission mode; (b) simplified 2D model with an
aperture tip scanning a nanoparticle sample and flow detectors on the simulation boundaries for transmission (T) and reflectivity (R).
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sample. To evaluate the field enhancement, the transmission
and reflectivity signals are normalized to the corresponding
signals obtained from scanning an area without a
nanoparticle.

3. Results and discussion

3.1. Influence of aperture size, coating thickness, and cone
angle

Using COMSOL simulation software, the parameters aperture
size, coating thickness, and cone angle of the geometry are
studied in both modes, constant gap and constant height. The
simulations start from the following parameter set with all
values fixed at the given numbers except for the specified one
being varied: a tip with 100 nm aperture size (opening),
200 nm thick aluminum coating (coating), and 20° cone
angle, scanning at 1 nm gap across a single spherical silver
nanoparticle of 200 nm diameter on a glass substrate. The
silver nanoparticle is centered at position zero whilst the x-
axis in the following figures represents the position of the
aperture center. The transmitted field distribution is recorded
and normalized with a value far away from the particle
position (i.e. background without nanoparticle). The simula-
tion result for the transmission signal of the model with the
basic parameter set is shown in figure 5. The insets represent
the near-fields when the tip is at the specific positions
indicated.

Starting far away from the nanoparticle (high negative
values on the x-axis), the normalized transmission equals one
by definition. When approaching the nanoparticle, an inter-
ference-like pattern is visible which could result from the
superposition of the partial waves coming directly from the
SNOM tip and those scattered from the nanoparticle. At the

moment when the tip reaches the nanoparticle and moves up
in constant-gap mode, the signal starts to drop as the particle
will absorb the light and screen the transmission. Peaks in that
generally lower signal range are found in the cases of strong
local field enhancement at the aperture edges when the
corresponding scattered light can pass by the nanoparticle. As
the tip aperture starts to move directly over the nanoparticle,
high local fields are observed in between the tip and nano-
particle, the detection in the far field is however blocked as
the corresponding local minimum in the transmission indi-
cates. The dependence of the detailed transmission signal on
the different parameters will be investigated in the following.

In general, it is clear that far away from the nanoparticle
the signals for constant-height and constant-gap mode are
highly similar due to the normalization with the reference case
of the respective mode and no near-field information from the
nanoparticle being present. Within the particle range, how-
ever, i.e. when the tip starts to rise to the height of the particle
diameter (plus gap) for constant-gap mode, and the tip edge is
on top of the particle for constant-height mode, differences
occur. The shape of the transmission signals is still similar for
both scanning modes, but for constant-gap scanning the
average drop in signal intensity and hence contrast is much
larger than for constant-height scanning, due to the change of
height between tip and substrate. The cases of constant-height
and constant-gap mode are represented on the left and right
column of figure 6, respectively. Then, the critical parameters
of the tip geometry are studied and the normalized trans-
mission intensity, i.e. the transmission with nanoparticle (T)
normalized to the transmission without nanoparticle (T0)
presented.

As the aperture size increases, it is expected that the far-
field regime starts to dominate the light–matter interaction.
Considering the diffraction limit, it is reasonable to assume
that this happens when the aperture becomes larger than λ/2.
Since in the simulation 532 nm is used for the wavelength of
the illuminating light, a tip with an aperture of more than 266
nm is expected to prevalently lead to illumination in the far-
field regime. When the aperture size increases from 100 to
300 nm as illustrated in figures 6(a) and (b), it is clearly
visible that from 260 nm on the transmission signal changes,
which is due to the increasing predominance of the far-field
suppressing the visibility of near-field information. This is
very pronounced in constant-height mode [figure 6(a)] but
also happens for constant-gap scanning despite the gap
between the tip and the particle remaining at just 1 nm. When
illuminating through a sufficiently small aperture in contrast,
an enhancement within approximately 50 nm around the
particle surface can be obtained as expected from previous
work [29]. It is interesting to note that the transmission signal
for the 300 nm aperture size also seems to show an
enhancement outside the nanoparticle and a drop towards its
center with an even higher contrast. Yet, this signal does not
represent near-field features but may be seen as a result of
geometrical configuration: the peak occurs when the edge of
the aperture is right above the center of the nanoparticle. In
this case, light exiting the aperture at the side of the nano-
particle could be reflected from it and eventually double-

Figure 5. Normalized transmission signal of a basic 2D a-SNOM
simulation model with a tip of 100 nm aperture, 200 nm aluminum
coating, and 20° cone angle scanning at a constant gap of 1 nm
across a single spherical silver nanoparticle of 200 nm diameter on a
glass substrate; the insets visualize near-field distributions for the
indicated tip positions. On the abscissa, the orange bar represents the
radius of the particle, and the blue bar the radius of the end of the tip
including opening and coating.
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reflected from the coating, thus increasing transmission. The
subsequent drop of the signal is attributed to the shadowing
effect of the nanoparticle which is maximum when the tip is
centered above it.

In contrast to the aperture size, varying the coating
thickness introduces much less difference for constant-height
scanning as shown in figure 6(c). Only the small spike in
transmission moves, following the changed position when the
tip edge crosses the particle center (−250 nm for 200 nm
coating, −300 nm for 250 nm coating, etc). The onset of the

strong decrease in intensity (around −400 nm), however,
remains unchanged as the tip stays at the same height. In
contrast, for constant-gap mode, the position of this signal
minimum shifts according to the diameter of the tip. For
thicker coatings, the diameter of the tip end increases and the
tip moves downward at a corresponding larger distance from
the nanoparticle. This influence of the tip-end diameter on the
optical signal is clearly visible in figure 6(d). One observation
for both, constant-height and constant-gap mode, is that the
fine features start to blur as the coating thickness increases

Figure 6. Influence of variable parameters of the tip: (a) and (b) aperture size (opening), (c) and (d) aluminum-coating thickness (coating),
and (e) and (f) cone angle; the two different scanning modes, constant height, and constant gap, are represented on the left and right,
respectively. If parameters are not varied, they are set to 100 nm opening, 200 nm coating, 20° cone angle, and 1 nm tip-particle distance
(gap). On the abscissa, the orange bar represents the radius of the nanoparticle (100 nm), and the blue bar the radius at the end of the tip
including opening and coating for the reference case.
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and that for 400 nm thickness, they are only preserved
directly at the particle position.

Finally, figures 6(e) and (f) show the influence of chan-
ging the cone angle on the normalized transmission signal in
constant-height and constant-gap mode, respectively. Overall,
there are little changes in the signal shape but a small rise in
intensity as long as the aperture is on top of the nanoparticle
when the cone angle increases from 10 to 25°. With
increasing cone angle, the inner edge of the aperture will
become sharper and a stronger near-field is expected to be
generated. When the cone angle reaches 30°, however, we
observe a drop in transmission signal which is highly pro-
nounced for constant-gap mode. In this latter case, also an
additional peak occurs when the tip is moving down, indi-
cating that tip angles above 25° lead to a loss in near-field
signal just as the larger openings do since the interaction of
the aperture and the nanoparticle is not as localized anymore.

Summarizing the influence of scanning modes and tip
geometry parameters, we can say that in comparison with
constant-height, constant-gap scanning generates a higher
contrast of the transmission signal between the nanoparticle
and the background of the substrate (also consider the dif-
ferent scaling on the y-axis). This may originate from the
convolution of the optical with the topographic signal. Fur-
thermore, the distance between the tip and the bare substrate
is much larger in constant-height scanning, so that part of the
scattered light might not reach the detector. However, the tip
parameters show similar influence for both, constant-gap and
constant-height mode as long as the tip is on top of the
nanoparticle. Increasing the aperture size turns near-field into
far-field excitation, resulting in a loss of fine features around
the particle. Thicker coatings mean a bigger tip-end size,
which changes the signal when the tip starts to interact with
the nanoparticle but has little influence when the tip is above
the particle. The cone angle of the tip just changes the
transmission signal slightly except for when it reaches 30°.
For large cone angles, the tip moves down more slowly due to
the low slope, but at the same time, the distance from the
aperture to the nanoparticle increases earlier.

Another central parameter of the tip-matter interacting
system is the distance between the tip and the nanoparticle.
Figures 7(a) and (b) depict the simulation results for different
minimal tip-particle distances (gap) in constant-gap and
constant-height scanning mode, respectively. Hereby, the gap
corresponds to the smallest distance between the tip and
nanoparticle in constant-height mode and to the constant
distance to the sample surface in the case of constant gap. In
both modes, for gaps up to 10 nm, the drop of transmission
intensity at the particle center (zero position) and the
enhancement peak at the particle side (within 150 nm) are
clearly visible, see the black and red lines. Fom 30 nm gap on,
the valley starts to disappear and so does the peak as the gap
further increases to 200 nm. These are clear indications that
the near-field information gets lost since the excitation no
longer takes place in the near-field regime. At the same time,
initially, more of the light exiting the tip can pass the nano-
particle (rise of the signal at the particle position) until again
the light becomes scattered out of the detector range (further
increase of gap). The peak when the tip edge is closest to the
nanoparticle (position −250 nm) disappears in constant-
height mode when the gap is larger than a few nm. In con-
stant-gap mode corresponding features remain, yet are shifted
farther and broaden. It is clear that the smallest possible gap
will provide the highest resolution, and gaps above 10 nm
will result in a gradual loss of near-field information.

3.2. Influence of tip shape

Concluding from the simulations of varying aperture size,
coating thickness, cone angle, and tip-particle distance, it was
identified that the first (called opening) and the last (called
gap) parameter have the largest influence on the transmitted
intensity. Additionally, the SEM picture in figure 2(d)
revealed that the tip end is not smooth but contains protruding
structures, which should also be considered in a realistic
simulation model for SNOM. Thus, we investigate different
tip shapes as depicted in figure 8.

Due to the fabrication method, it is impossible to fabri-
cate a smooth surface at the opening and at the end of the

Figure 7. Influence of the tip-particle distance for (a) constant-height and (b) constant-gap scanning mode. On the abscissa, the orange bar
represents the radius of the particle, and the blue bar the radius at the end of the tip including opening and coating.
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coating. In addition, the deposition of aluminum results in a
protruding lip at the tip opening [see figure 2(d)]. To under-
stand the influence of the shape on the a-SNOM results, the
aperture is assumed to be recessed, beveled, or crater-shaped
as shown in figures 8(a), (d), and (g), respectively. For each
model, the spacing, i.e., the space between the front end of the
coating and the flat end of the glass fiber was varied. In
figures 8(b), (e), and (h), respectively, the simulation results
of scanning the three types of apertures in constant-gap mode
across a single silver nanoparticle with 200 nm diameter are
presented. All the simulations are based on the reference
model of constant-gap scanning mode with parameters of 100
nm opening, 200 nm coating thickness, 20° cone angle, and 1
nm gap between tip and nanoparticle. Transmission results
with nanoparticle (T) are again normalized to transmission
results without nanoparticle (T0) and for simplicity just called
‘transmission’. To highlight the interaction between the tip
and the nanoparticle, the normalized electric field distribution
for the case where the sharp tip edge is closest to the nano-
particle is exemplarily imaged in figures 8(c), (f), and (i), and
linked to the original peaks in the line scans. The spacing is

100 nm, thus the peaks disappear when the field enhancement
is highly localized, see below.

In the case of a recessed aperture [figure 8(a)], the shape
of the transmission signal looks similar for different spacing
values [figure 8(b)]. However, increasing the spacing results
in a higher signal contrast. As the spacing is enlarged from 50
to 100 nm, the transmission increases almost along the entire
scan except for when the tip is on top of the nanoparticle
(position 0); then it drops. Interferences emerge between the
fiber end and the tip end that will depend on the spacing (see
also the inset in figure 5). If the spacing is such that an
intensity maximum occurs at the end of the tip, an overall
stronger excitation and thus signal is excepted, except for
when the tip is directly on top of the nanoparticle. In this case,
the transmission is blocked. When the sharp edge at the outer
rim of the coating is closest to the nanoparticle, a sharp peak
occurs at a position of about −250 nm independent of spa-
cing. The peak does not shift because the diameter of the tip
end remains unchanged when varying the spacing. The
occurrence of this peak can be correlated to the strong local
electric field between tip edge and nanoparticle as depicted in
the inset in figure 8(c): a highly confined field enhancement

Figure 8. Influence of variable tip shapes in constant-gap scanning mode. (a), (d), and (g) are sketches of the simulated model. Tip opening,
coating thickness, and cone angle are 100 nm, 200 nm, and 20°, respectively, and the gap is 1 nm. The particle is made from silver and has a
200 nm diameter. (b), (e), and (h) are the simulation results of normalized transmission intensity as a function of varied spacing as indicated
in (a), (d), and (g). Position means the relative distance between the center of the tip and the nanoparticle. On the abscissa, the orange bar
represents the radius of the particle, and the blue bar the radius at the end of the tip including opening and coating. (c), (f) and (i) show the
normalized electric field distribution for 100 nm spacing revealing the highly localized near-field excitation which is underlined by the zoom-
in images highlighting the tip-particle interaction.
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occurs giving rise to a sharp and well-defined peak. The other
two peaks that are visible in the scan can be linked to the
situation when the inner rim of the coating shows a strong
near-field interaction with the nanoparticle or when the tip has
moved side by side with the nanoparticle.

For the beveled aperture [figure 8(d)] the transmission
signal looks significantly different. The peak at the position of
around −400 nm has changed to a sharp dip followed by a
broad peak with a shoulder. The shoulder is a remnant of the
sharp peak in figure 8(b) as corroborated by figure 8(f) which
details the same relative position between the tip and the
nanoparticle as in figure 8(c). Yet, the field enhancement is
much more local in particular for larger spacings and hence
sharper edges. Therefore, it becomes unlikely to be detected
in the far field. Compared to the recessed aperture, the local
minimum in transmission when the tip is on top of the
nanoparticle (position 0) has changed to a local maximum. In
the case of a beveled tip, the enhanced fields emerging
between the tip and the nanoparticle can be scattered in the
transmission direction which is easier for a smaller spacing
when the effective aperture size appears broader than the
opening itself. With increasing spacing, which implies steeper
and longer terminating walls of the coating, funneling effects
may occur that confine the light directly beneath the aperture
and hence reduce the transmission signal. An argument for
the funneling behavior can be found in the fact that the
beveled aperture does not show interferences in the region far
away from the nanoparticle (position −800 to −450 nm),
which implies that no light becomes scattered from the
nanoparticle at this lateral distance. Overall, the beveled
aperture appears to be a reasonable shape for the tip when
compared to the observations made by SEM [(figure 2(d)].
Yet, it would become even more realistic when sharp edges
are avoided.

By using a crater-shaped aperture, where a rounded ter-
mination of the coating is considered instead of a sloped one,
we obtain a simulation model without any sharp edges as
shown in figure 8(g). This model comes as close as possible
to the SEM image of the aperture probe. As the spacing
increases for the crater-shaped aperture, which means that the
coating protrudes farther, the transmission signal again
becomes smoother, and its contrast increases, just as dis-
cussed for the previous tip shape. According to figure 2(d),
real apertures still show more details such as noncircular
openings or randomly distributed nanograins attached, which
are hard to model in a two-dimensional simulation. Regarding
the three models presented here, the crater-shaped aperture is
the most realistic one and at the same time, the corresponding
simulations are stable. Therefore, it was used in the following
simulations.

3.3. Comparison with experimental results

Section 2.1 already introduced the experimental results for
a-SNOM measurements on regularly arranged silver nano-
particles fabricated by shadow nanosphere lithography. In our
experiment, polystyrene spheres with a diameter of 909 nm
were used as a mask. Hence the shortest distance between two

neighboring nanoparticles amounts to 525 nm. To study the
particle interaction, we simulate a scan of the crater-shaped
aperture tip [compare figure 8(g)] across two such silver
nanoparticles with a 525 nm distance. The comparison
between simulated and experimental results is given in
figure 9.

In detail, figures 9(a)–(c) present the experimental
result of topography, transmission, and reflectivity obtained
from a-SNOM measurements on hexagonally arranged sil-
ver nanoparticles. As described in section 2.1, the diameter
of these nanoparticles is 140 ± 20 nm. It can clearly be seen
that there are two different distances between the silver
nanoparticles, from which we chose the shorter amounting
to 525 nm. Across a corresponding connection line, marked
in green, we extract data from line scans as depicted in
figures 9(d)–(f) (also shown in green). The additional red
lines present the simulation data for scanning the crater-
shaped aperture from figure 8(g) in constant-gap mode
across two silver nanoparticles (150 nm in diameter) with
525 nm distance. Both experimental and simulated trans-
mission and reflectivity are normalized to the reference
signal without nanoparticles, leading to a so-called nor-
malized enhancement.

When comparing the two datasets, it firstly is visible in
topography [see figure 9(d)], that the theoretical tip cannot
move fully in between the nanoparticles. So, the contrast
appears weaker in the simulation. The reason is that the
shape of the real nanoparticles is not a hemisphere but
resembles rather a flattened hill. Consequently, the simu-
lated transmission signal is also less pronounced than the
experimental counterpart [see figure 9(e)]. The trends,
however, are highly comparable with an enhancement
occurring at the brink of the nanoparticles or in between
them for the shortest distance. However, the slightly ele-
vated transmission signal on top of the nanoparticles as
predicted from simulations cannot clearly be identified in
the experimental line scan due to the noise. As for the
reflectivity [figure 9(f)], the enhancement shows up on top
of the particles, both in simulation and experiment. The
signal in reflectivity is lower as only part of the back-
scattered light is collected by the detector. Furthermore,
since the detector needs to be placed asymmetrically in the
experiment, which is accordingly considered in the simu-
lation, the peak is not at the exact center of the nanoparticle.
The asymmetry is more strongly pronounced in the simu-
lation including one or more shoulder peaks. In the exper-
imental data, the underlying noise prevents a clear
identification of such features. Finally, it should not be
forgotten that the simulation is set up in 2D for reasons of
computational efficiency, and hence variations from the
experimental data are to be expected. Nevertheless, exper-
imental and simulated curves are highly comparable and it
is confirmed that the normalized reflectivity on top of the
nanoparticles is positive, whilst it is negative at the nano-
particle positions in transmission. Altogether, simulations
based on a realistic model of a-SNOM are capable of
reproducing the major features of the experimental results
and can thus also be employed for predicting near-field
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distributions as well as for identifying optimal imaging
conditions.

4. Summary

In summary, we developed a multidimensional numerical
model based on the finite-element method that provides a
realistic description of an a-SNOM measurement. Near-field
distributions of regularly arranged silver nanoparticles on a
glass substrate were measured by a-SNOM and served as a
starting point. To understand the mechanism of tip-nano-
particle interaction, we used the software COMSOL Multi-
physics to build up a model for aperture-probe scanning
across a nanoparticle. We investigated how the geometry
parameters opening size of the aperture, thickness of the
aluminum coating, cone angle of the tip, and distance
between tip and nanoparticle influence the transmitted light
intensity. For variations starting from reasonable parameter
values of 100 nm opening, 200 nm coating thickness, 20°
cone angle, and 1 nm gap between tip and nanoparticle, we
derived that the opening and the gap show the biggest
influence. As they increase, near-field information gets lost:
the signal contrast seemingly increases, yet the fine features
disappear. All these investigations were performed compara-
tively for constant-height and constant-gap scanning. Con-
sidering the shape of the tip, the influence of the protrusion of

the coating at the aperture was investigated and a tip with a
crater-shaped coating was determined to provide the most
realistic results. By using this final model, we compared the
simulation of a line scan across nanoparticles with the
corresponding experimental results, both for the signals of
transmission and reflectivity, and good agreement was found.
The optical model developed can thus support the under-
standing of image formation in a-SNOM. At the same time, it
provides information about adequate parameters to obtain
high near-field resolution.
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Figure 9. Comparison between experimental and simulated a-SNOM data of Ag nanoparticles. (a), (b), and (c): maps of topography,
transmission, and reflectivity, respectively, as measured by a-SNOM. (d), (e), and (f): corresponding experimental (green curve) and
simulated (red curve) line scans along the shortest distance between two neighboring nanoparticles. The line along which the experimental
data are extracted is marked equally in green in (a)–(c). For the simulation, a constant-gap scan of the crater-shaped aperture across two silver
nanoparticles (150 nm in diameter) with a 525 nm distance is assumed. The measurements of transmission and reflectivity are normalized to
the background without nanoparticles and the asymmetry in the reflectivity is due to the asymmetric position of the detector as described in
the text.
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