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It is a general belief in apertureless near-field microscopy that the so-called p-polarization configuration, where the incident light is
polarized parallel to the axis of the probe, is advantageous to its counterpart, the s-polarization configuration, where the incident
light is polarized perpendicular to the probe axis. While this is true for most samples under common near-field experimental
conditions, there are samples which respond better to the s-polarization configuration due to their orientations. Indeed, there have
been several reports that have discussed such samples. This leads us to an important requirement that the near-field experimental
setup should be equipped with proper sensitivity for measurements with s-polarization configuration. This requires not only
creation of effective s-polarized illumination at the near-field probe, but also proper enhancement of s-polarized light by the probe.
In this paper, we have examined the s-polarization enhancement sensitivity of near-field probes by measuring and evaluating the
near-field Rayleigh scattering images constructed by a variety of probes. We found that the s-polarization enhancement sensitivity
strongly depends on the sharpness of the apex of near-field probes. We have discussed the efficient value of probe sharpness by
considering a balance between the enhancement and the spatial resolution, both of which are essential requirements of apertureless
near-field microscopy.

1. Introduction

Apertureless near-field scanning optical microscopy
(ANSOM) is becoming more and more popular for its
application to a variety of nanoscale samples, where one
can do microscopic as well as spectroscopic analysis at
nanoscale [1, 2]. The key feature of ANSOM is enormous
enhancement and confinement of light field at the apex
of the near-field probe, which is a sharp metallic nanotip.
The enhancement of scattered light from a sample can
be more effective under proper polarization. Thus near-
field imaging through ANSOM combined with proper
control of polarization provides even more information
about the sample, such as molecule and crystal symmetry,
orientation, intermolecular interaction, optical transition,
and so forth. In fact, many researchers have occasionally
employed polarization-controlled ANSOM to enhance the
contrast of measurements [3–7]. Under a reflection-type (or
side-illumination-type) near-field setup where the incident
and scattered lights are in opposite directions, the optical

configuration makes it easy to conveniently control the
polarization of incident light at the tip apex. For this reason,
the method of polarization control has been widely used for
the analysis of nanoscale anisotropy, such as the crystalline
structure, for reflection-type systems [8–13]. On the other
hand, in a more commonly used transmission-type ANSOM
configuration, where the incident and scattered lights are in
the same direction, it is not easy to control the polarization,
and hence one can find very few experimental reports on
the polarization measurement in this type of experimental
setup [14–16]. Even when a polarization control is employed
in ANSOM setup, it is mostly to study the p-polarization
configuration. One reason is that the p-polarization of
excitation can form a strongly enhanced light source under
the sharp apex of the near-field probe [17, 18], which
also gives strong enhancement to the scattering from the
sample in most of the cases. However, if one is studying
the optical mode of a sample that has a dipole transition
perpendicular to the probe axis, the p-polarization is no
longer suitable. In this case, one needs to arrange the
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s-polarization enhancement by the near-field probe. Indeed
several experimental reports suggested that ANSOM probes
show s-polarization sensitivity [19, 20], though none of
them discussed it clearly.

In this study, we will provide an experimental evidence
of the s-polarization sensitivity in apertureless near-field
probes. Our near-field probes are fabricated by coating a thin
layer of metal on a sharp dielectric nanotip. The sharpness
of the tip apex depends on the thickness of the metallic
layer. We prepared near-field probes with varying metal
thickness and employed them to measure near-field Rayleigh
scattering images under s-polarized illumination by scanning
the tip over the focused laser spot. The method has been
employed to evaluate the surface plasmon behavior [21], and
such scattering images also are indicators of the polarization
sensitivity of the enhancement by the near-field probes. We
have discussed the s-polarization sensitivity of various probes
through the contrast in the corresponding scattering images.
In addition, we have also performed some calculations
and computer simulations to obtain supportive information
for checking the tendency polarization sensitivity on the
sharpness of the near-field probe. We make a note that
even though the simulation indicates that less sharpened
probes with larger apex tend to give better enhancement
for the s-polarized light, they are not ideal probes for near-
field imaging because they lose the spatial confinement
of the light. Thus one can find an optimum value of
probe sharpness by evaluating the system sensitivity and the
requirement of spatial resolution.

2. Experimental

The apertureless near-field probes were prepared by coating
thin layers of silver on commercially available atomic force
microscopy (AFM) cantilevers made of silicon (CSG01 tips
purchased from NT-MDT co.). Silver coating was performed
by the method of vacuum evaporation under a high vacuum
of 2 × 10−6 Torr. By controlling the evaporation parameters,
the probes were prepared with silver coating of 20, 40, and
60 nm. Since it was difficult to prepare thicker layers of
silver under the same condition, we utilized simultaneous
annealing at 400◦C during the evaporation, to achieve the
silver layer thickness of about 150 nm. The apex sharpness for
all the silver-coated probes was checked by scanning electron
microscope (SEM).

The optical setup for our near-field measurement is
illustrated in Figure 1, which shows a system based on
inverted microscope [22, 23]. The incident laser (CW, λ =
488 nm) is expanded 20 times in diameter and is introduced
via various optical components to the inverted microscope.
In order to achieve an s-polarized incident light at the near-
field probe, we first prepared azimuthal polarization of the
propagating laser by using a spatially patterned λ/2 waveplate
(z-pol from Nanophoton). This waveplate can realizes a
perfect x-y-polarization as shown in the inset in Figure 1.
The detailed explanation of how the waveplate works was
shown in [23]. The experiment was done by utilizing a high-
NA objective lens (× 60, NA = 1.4, oil emersion) to focus

the light on the probe and by inserting an optical mask on
the beam path that rejects the low-NA component (NA < 1)
of the incident light. The near-field probe was set on an
AFM stage and was scanned over the tightly focused laser
spot. Rayleigh scattered signal was collected by the same
objective lens in low-NA (NA < 1) configuration, which
was detected by a photodiode. In the case of s-polarization
excitation the scattering signal from the tip apex is efficiently
collected in the low NA region because of the emission
pattern of the dipole [24]. Moreover, the incident light that
was introduced in an evanescent illumination configuration
can be effectively reduced by the detection aperture, which
results in the reduction of background signal in detection.
The probe was scanned at the steps 30 nm to cover a scanning
area of about 1 μm in square.

The simulation for a 2D finite difference time domain
(FDTD) calculation was performed by using R-soft with
nonuniform mesh. Since this is a rough estimation just to
check the trend, we have employed 2D simulation instead of
3D. The quantitative difference between 2D and 3D is not
an issue in this estimation. The probe apex was assumed
to be a single silver sphere with different diameters, which
was placed 2 nm above a glass substrate (index 1.5). The s-
polarized incident light was launched at an angle of 45◦ from
the substrate to achieve an evanescent illumination under the
condition of total internal reflection. The field intensity was
monitored 10 μm downward from the particle to anticipate
the far field intensity.

3. FDTD Simulations

In order to understand the effect of polarization on the
near-field enhancement in the proximity of a probe, we
first made a rough estimation through FDTD simulation.
Although a silver nanoparticle considered in simulation can
never represent the real near-field probe prepared by silver
evaporation, it still gives correct information about the trend
that a real probe would follow on enhancement. For simplic-
ity, we considered an ellipsoid-shaped nanoparticle with an
aspect ration of 1 : 4. Figure 2 shows the enhancement in the
proximity of the nanoparticle for both p- and s-polarizations,
which was calculated following the method of Moon and
Spencer [17]. The horizontal dashed line represents the
sample plane. As one can see, the light field is greatly
enhanced near the apex (between the nanoparticle and the
sample plane) for p-polarized illumination, whereas it is
significantly enhanced at the middle area of the nanoparticle
for the s-polarized illumination. As one goes away from the
middle area towards the apex, the enhancement decreases
and becomes very weak near the apex area. This result
confirms that the enhancement near the sample is very weak
for s-polarization, and hence p-polarization is a preferred
configuration for most near-field experiments. However, if
we consider scattering in the far field (when the detector is
placed far from the probe apex), there are rooms for the
s-polarization to be scattered back within the cone angle
of the objective lens. To see if this happens, we performed
numerical simulations by keeping the detector far from the
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Figure 1: Experimental setup of near-field probe scanning over the laser focus in s-polarization condition. The inset illustrates a schematic
of s-polarization formation by using z-pol.
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Figure 2: Theoretical calculation of electric field distributions near an ellipsoidal metallic nanoparticle under (a) p-polarization and (b) s-
polarization excitations. The horizontal dotted lines indicate the sample surface. Strong field confinement can be seen near the apex between
the sample and the probe in p-polarization, which is almost negligible in s-polarization.

probe. We also considered the effect of sharpness of the
probe apex on the far-field enhancement, for which we
approximated the probe apex by a single spherical silver
particle and varied the diameter of that particle. Figure 3
shows some FDTD simulation results for far-field scattering
under evanescent illumination employing s-polarization
excitations for varying apex size. The simulation conditions
are illustrated in the inset. As one can see in Figure 3, the
far-field enhancement under s-polarized illumination has
a significant dependence on the apex size. The scattering
intensity shows relatively small rise for the apex diameter
varying from 0 to ∼20 nm, then it monotonically increases
with the apex diameter. This brings us to a conclusion
that the scattering efficiency for s-polarization illumination

increase, as the particle size increases, or as the apex
sharpness decreases. The signal intensity becomes almost
double for a probe with the diameter of 50 nm as compared
to 30 nm. This is a reasonable figure for the net enhancement
that is in accordance with our experimental statistics.

4. Results and Discussions

We anticipate from the calculation that the s-polarization
sensitivity of a near-field probe increases as the sharpness of
the probe apex decreases. As discussed before, the near-field
probes used in this study were prepared by coating a thin
silver layer on silicon nanotips. The apex of the silicon tip
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Figure 3: FDTD simulation of s-polarization scattering intensity
from silver particle with respect to the apex diameter. Inset
illustrates the simulation conditions.

is quite sharp; however the sharpness of the probe decreases
as the thickness of the silver layer coated on the silicon tip
increases. Even though the entire shape of the real probe
is different from the probes used in FDTD simulation, we
expect a similar trend of enhancement as the thickness of
the silver layer on the probe increases. That means we expect
the s-polarization sensitivity of the probes with thicker silver
layers to be higher than that for the probes with thinner
silver layers. Figures 4(a)–4(d) show SEM images of probes
that have silver layers with thickness 0, 20, 40, and 60 nm,
respectively. A closer look at the probe apex in these SEM
images reviles that the apex diameter of the probe increase
gradually as the coating thickness increases. Figures 5(a)–
5(d) show Rayleigh scattering images of s-polarized laser
spot measured by employing the probes shown in Figures
4(a)–4(d), respectively. Doughnut-shaped patterns could
be seen in these Rayleigh scattering images, which is an
evidence of s-polarization condition. The contrast variation
in these images corresponds to the scattering efficiency for
excitation light. Since we created s-polarized illumination at
the probe apex by introducing the high-NA component of
an azimuthally polarized laser beam, a comparison of image
contrast in Figure 5 can be considered as the comparison of s-
polarization sensitivity of the probes [25]. We also calculated
the quantitative values of contrast by a simple relation

contrast =
(
IS − IBg

)
(
IS + IBg

) , (1)

where IS indicates the signal intensity corresponding to the
signal area (laser spot) and IBg denotes the background
intensity corresponding to the background area. The net
intensities were the summations over the measured areas.
Table 1 shows the contrast values obtained from (1) for
different probes. As seen in Figure 5(a), we could not get
any image pattern under s-polarization for the noncoated
probe in Figure 4(a), because this bare silicon probe did
not have an s-polarization sensitivity. The contrast is still

Table 1: Contrast of the probes shown in Figure 5, as calculated
from (1).

Tip Diameter/nm Contrast

a 5 0

b 20 0.023

c 40 0.037

d 60 0.061

weak in Figure 5(b) for the probe with silver thickness of
20 nm; however, it becomes stronger in Figure 5(c) when the
silver layer on the probe is as thick as 60 nm. This result is
consistent with the simulation results in Figure 3, where the
tip apex is approximated as a single silver particle. It is not
appropriate to make a quantitative comparison however, it is
clear that the scattering intensity monotonously increases as
the particle size increases.

One may expect from the simulation results that a
broader probe would scatter more light under s-polarization,
thus further increasing the probe size may result in an
enormous enhancement. However, experimentally this was
not true. The Rayleigh scattering image contrast decreased
for the broader probe ∼150 nm in apex diameter. This may
come from the surface plasmon resonance wavelength of
the coated silver, which is shifted to longer wavelength for
larger structure; however the reason is still unclear. Apart
from this decrease in scattering efficiency, a probe with larger
apex diameter also degrades the spatial resolution in the
measurement. Thus a probe with larger apex diameter is not
suitable for near-field studies. This leads us to the conclusion
that the s-polarization efficiency of a near-field probe can
be increased by increasing the apex diameter of the probe,
however, up to a certain limit where the spatial resolution is
still acceptable.

The optimum value of probe apex diameter that can
give best results for both s-polarization sensitivity and spatial
resolution in near-field measurement would depend on
the experimental system and requirement. In general, a
near-field probe that can provide contrast of about 0.03
is acceptable for a good-quality imaging. In our case, the
probes shown in Figures 4(c) and 4(d) provide acceptable
contrast, and hence they qualify for s-polarization ANSOM
experiments. We can thus conclude that a 30–60 nm-thick
silver coating can result in reasonably good near-field probe
for enhancement of s-polarization. The lower limit can still
be changed by optimizing the collection efficiency of the
optical setup, and the upper limit can be determined by
the requirement of spatial resolution. For tips with more
efficient s-polarization sensitivity, the on-gap mode tips
could provide good results [26]. However, fabrication of
a gap as small as ∼1 nm at the tip apex is difficult with
current technology, and hence it is still not in practical
use. Therefore, the best way to achieve the s-polarization
sensitivity at this moment is to carefully control the size of
the probe apex by optimizing evaporation parameters.

Finally, we would also like to make a small note on
the p-polarization sensitivity of these probes. Instead of the
azimuthal polarization, using radial polarization of incidence
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Figure 4: SEM images of several ANSOM probes with varying thickness of silver coating. (a) Bare silicon probe with no silver coating, (b)
probe with 20 nm silver coating, (c) probe with 40 nm silver coating, and (d) probe with 60 nm silver coating. The zoomed inset shows how
we estimate the apex size.
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Figure 5: Scattering images of the s-polarization laser focus measured by the probes with different silver coatings. The images (a)–(d)
correspond to the probes shown in Figures 4(a)–4(d), respectively. The contrasts in the images correspond to the s-polarization sensitivities
of these probes.
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Figure 6: Scattering images of the p-polarization laser focus measured by the probes with different silver coatings. The images (a)–(d)
correspond to the probes shown in Figures 4(a)–4(d), respectively.

laser beam can result in the dominant generation of p-
polarization at probe apex. By utilizing radial polarization,
we measured the Rayleigh scattering images for the same
probes that were discussed earlier in Figure 4. The results
are shown in Figures 6(a)–6(d), which corresponds to the p-
polarization sensitivity. Since the p-polarization dipole was
not efficiently collected in this experimental configuration,
the image did not show a strong contrast. Nevertheless, every
probe shows certain amount of p-polarization sensitivity

even if they did not have s-polarization sensitivity such as the
uncoated probe shown in Figure 4(a).

5. Conclusions

In conclusion, we have examined the enhancement phenom-
ena of ANSOM probes for their s-polarization sensitivities,
which could be extremely important for those samples,
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which have optical response in the direction perpendicular
to the probe axis. A supporting FDTD simulation as well
as experimental results showed that the probes with larger
apex diameter yield stronger scattering when illuminated
with s-polarized light. However, the experimental results
also indicated that the contrast could not be improved only
by increasing the diameter of the apex. We conclude that
the metal coating thicker than 30 nm is necessary for s-
polarization sensitivity in our system. For further improve-
ment of s-polarization sensitivity in ANSOM measurements,
there could still be some scope for optimizing the probe
design, including the possibility of estimations through
calculations and simulations [27, 28].
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