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Summary

We demonstrate that tapered optical fibre probes can be
easily modified in the taper cone to realize an electric dipole
producing a well-defined near-field polarized light. This novel
structure is made of a Short-cut Double C—shaped probe design
combined to the usual full metal coating near the tapered
end of the fibre. Hence, the cone at the apex of the probe is
excited by an equivalent dipole whose spatial orientation is
dictated by the probe geometry, regardless the polarization
state of the incoming light. Properties and performances
of such a configuration are first predicted by a finite-
difference time domain simulation, showing that the near field
coming out from the probe is linearly polarized. Following
this novel design, a probe prototype is manufactured and
tested. Its measured polar diagram confirms the polarization
maintenance property in the near field.

Introduction

Scanning near-field optical microscopy (SNOM) is a surface
technique providing optical images with spatial resolution
beyond the diffraction limit (Lewis et al., 1984; Pohl et al.,
1984). The probes are SNOM key components because the
optical spatialresolution depends on the confinement of optical
energy at the apex of the probe. Despite some drawbacks such
as low throughput or tip heating effects, the most widely
used near-field probes are tapered optical fibres. They consist
of common optical fibres with one end tapered and metal
coated in order to create a sub-wavelength aperture. The
performances of near-field microscopes based on these tapered
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aperture probes are strongly related both to the aperture size
and shape and to the taper geometry and structure. Light
propagation and mode structure in these special waveguides
are completely different from unperturbed fibres (Novotny &
Hafner, 1994; Hecht et al., 2000). Although these issues are
nowadays quite well understood [for a comprehensive view see
e.g. Novotny & Hecht (2006)], the polarization behaviour and
control of SNOM tips is still difficult. Since the knowledge of the
polarization is very important for the interpretation of SNOM
images (Betzig et al., 1992), great efforts have been made to
elucidate this point, and two-dimensional (Novotny & Hafner,
1994) and three-dimensional (Huser et al., 1999) models
have been developed. The concept of degree of polarization for
electromagnetic near fields (Setdld et al., 2002a), including
those of thermally fluctuating half-space sources (Setila
et al., 2002b), has also been clarified. A well-defined and
controlled polarization in near field is also important for
applications such as polarimetry SNOM (Fasolka et al., 2003),
investigation of magneto-optical effects (Ono et al., 2005),
optical nanowriting on photosensitive polymers (Likodimos
et al., 2003), polarization-modulation SNOM where optical
anisotropy associated with material structures and/or strain is
measured (Lacosteetal., 1998; Ramoinoetal., 2002; Ambrosio
etal., 2004). Polarization employed as contrast mechanism for
SNOM imaging is also useful to distinguish between genuine
optical effects and those arising from topographic artefacts
(Valaskovic et al., 1995). Specific work has been devoted to
get a linear- or a circular-polarized near-field light coming
out from SNOM aperture probes (Adelmann et al., 1999; Shin
etal.,, 1999). The difficulties encountered to achieve a defined
near-field polarization are mainly due to fibre birefringence
and grain imperfections on the metal coating of the taper
zone. At the fibre apex, the polarization is not linear because
small tensions or torsions caused by even a slight fibre bending
provoke strain-induced birefringence. Uncoated tapered fibres
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can overcome birefringence problems (Adelmann et al., 1999),
however, at the expense of spatial resolution. The metal
coating process usually is not able to produce a grain-free
nanoaperture with a perfect circular shape. Such defects
induce highly asymmetric polarization behaviour of the near-
field light coming out from the probe (Veerman et al., 1998,
1999). A focussed ion beam (FIB) technique has been applied
to ‘clean’ off the grainy coating metal at the end of the
tip (Pilevar et al., 1998; Veerman et al., 1998, 1999). This
technique produces a smooth and very flat-end face with a
well-defined circularly symmetric aperture down to 20 nm
that improves the polarization behaviour of the tip to
polarization ratios exceeding 1:100 in all directions (Veerman
etal.,, 1998). Elliptical core fibres, coated with aluminium and
with aperture milled by FIB, yield high throughput and are able
to maintain the polarization (Adiga et al., 2006). These results
are satisfactory but the FIB technique is rather expensive and
complex. Recently, a model for an SNOM probe incorporating
metallic strips on the surface of a dielectric cone has been
proposed (Lapchuk & Kryuchyn, 2004). This structure can
be made by deposition of two metal strips instead of the full
metal coating in the tapered zone of the fibre. It mimics an
electric dipole able to efficiently drive a Quasi-TEM mode up
to the end of the fibre. Unfortunately, the equivalent radiant
dipole has a poor near field-to-far field ratio that does not allow
practical applications as SNOM probe.

Based on the same electric dipole idea of reference (Lapchuk
& Kryuchyn, 2004), in this work we demonstrate a new
aperture probe design able to produce a well-defined polarized
near field that does not depend on the polarization state of
the light coupled into the fibre. Furthermore, a C-shaped
nanoaperture or one of the related shapes is expected to provide
ultrahigh light transmission (Shi et al., 2003) with consequent
high throughput. Our optical polarized nanosource basically

consists of two separated metallic strips of a double C shape that
are short-cut at the very end of the taper zone, that is, the end of
thefibre neartothe apexisfully coated asin astandard aperture
fibre probe. This compound structure is able to drive a Quasi-
TEM mode till about the apex. As a matter of fact, if the metal
was perfectly conducting, a TEM mode would propagate in
the structure. In the actual loss conductor case, the dominant
guided mode becomes hybrid (HE) but still does not present
a cut-off. Therefore, the propagation is not interdicted when
the waveguide section becomes electrically (i.e. in terms of
wavelength) small as normally occurs at probe tip. Probe
performances are predicted by using CST Microwave Studio®,
a commercial finite-difference time domain (FDTD)-based
software. Results are compared with the case of an ordinary
fully metal-coated tapered probe. The software automatically
sets spatial meshing and time sampling to provide the desired
accuracy. Following these simulations, we have manufactured
and tested a probe prototype. The near-field light coming out
from this probe is linearly polarized with an extinction ratio of
6 dB, as measured in the far field.

Materials and methods

The model

Polarization maintaining near-field optical probes can be
treated by a classical electromagnetic model. The shape of
common tapered aperture SNOM probes consists in a conical,
metal-coated dielectric waveguide. The gradual decrease of
the radius causes a progressive cut-off of the electromagnetic
modes, and leads to a drastic attenuation of the optical power
transmitted by the probe. A sketch of this probe is reported
in Fig. 1a. In such a guide structure, the fundamental mode
is the TE11; the cut-off frequency fcorr11 is given by the first

P2 =Pl e

(@)

(b)

Fig. 1. Perspective of (a) an ordinary fully metal-coated tapered probe; (b) a tapered probe with a metal-coated Double C—shaped structure. The inset

shows the transversal section at the apex of the (b) probe.
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Fig. 2. Perspective of the Double C novel probe configuration, short cut at
the end. The entire probe length is 2 um; the short cut (fully metal-coated)
is 600 nm.

zero in the first-order Bessel function derivative | 1 (x)(Balanis,
1989):

1, 84v,
2mr
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where v, is the phase velocity of the wave in the guide and r is
the radius of the guide.

Such a limitation of near-field probes is related to the use
of one-conductor waveguide structures, for example, a fully
metal-coated taper (Hecht et al., 2000). The problem can be
overcome by using a two-conductor waveguide structure able
to support a Quasi-TEM mode with no cut-off frequency. In this
frame we have investigated two aperture probe configurations
called Double C and Short-cut Double C, respectively (Figs 1b
and 2). For both probe models, as well as for an ordinary metal-
coated tapered probe (Fig. 1a), have been carried out an FDTD
computation of the electromagnetic field distribution at the
aperture. In particular, for the simulation has been considered
a tapered fibre core with an angle of 20° and an apex radius of
50 nm. The simulation process has required the definition of
the feeding port. It specifies the transition between the circular
waveguide, where the fundamental TE;; mode is propagating,
and the conical waveguide. At the same time it allows to set
the polarization state of the light coupled to the tapered zone.
The port was represented by the rings at the base of the cones
(Figs 1 and 2). Furthermore, the dielectric core of the simulated
structures is covered by different layers of material. As regards
the standard probe, it has been considered an aluminium metal
coating of 50 nm thickness (Fig. 1a). The taper zone of the
Double C probe is coated with two metal slabs (aluminium
layer of 50 nm thickness) separated with a dielectric spacer
(LiF layer of 25 nm thickness) (Fig. 1b). Short-cut Double Cis a
little bit more complicated. It comprises an Al layer (thickness
50 nm) that realizes the Double C ending with a short conical
waveguide. This first structure is covered with a 25-nm-thick
dielectric layer (LiF) and a 25 nm + 25 nm thick Cr/Al layer
(Fig. 2). The last three layers need to avoid the light leaking
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from the gap between the two C’s. In fact, this field is present
near the nanoaperture and it would seriously spoil the near-
to-far field ratio. The dielectric/metal coating preserves the
‘Short-cut Double C’ structure while avoiding the lateral light
leaking.

The probe

Following the model described earlier, we fabricated some
Short-cut Double C probe prototypes. The adopted fabrication
process is described in what follows. We start from a multi-
mode—graded index optical fibre (model AFS50/12Y by
ThorlabsInc., Newton, NJ, USA) with a core diameter of 50 um
and a cladding of 125 pum. The bare tip is obtained by means
of the tube etching method (Stockle et al., 1999). After the
etching process, the probe is coated by thermal evaporation in
ultra high vacuum. To realize the Shortcut Double C design, we
first deposit two aluminium layers on the two opposite faces of
the apex. To this purpose, we use a vacuum-compatible holder
able to drive the rotation of the fibre along its axis. The holder
consists of a steel cylinder coupled at one end to a stepper
motor (1.8°/step). On the second end of the cylinder, a small
channel accommodates the optical fibre exactly along its axis
torealize a collinear structure. The stepper motor isdriven from
the outside of the vacuum chamber so that the entire process
may be completed in a single run. The holder is mechanically
connected to the chamber by means of a tilt movement. This
additional mechanism is needed to optimize the position of
the probe with respect to the crucibles. The first C is obtained
by exposing one side of the fibre to the aluminium vapours.
Subsequently, after a holder rotation of 180°, the opposite face
is coated. In both cases we deposit a 50-nm thin metal layer.
In Figs 3a and b are reported the SEM images of the probe after
this fabrication stage. The magnification of the images allows
to clearly visualize the formation of the Double C structure and
the occurring of the short cut at few micrometres away from
the taper apex (Fig. 3). Subsequently, a layer of 25 nm of LiF is
deposited uniformly all around the taper region to insulate the
Double C layer from the successive chromium and aluminium
coating (50 nm). The probe so ultimate is analyzed by SEM
(Fig. 4) in order to check the coating quality.

Results and discussion

The angular spectrum of the electric field (amplitude) is
computed in the near field on a plane at z= 25 nm, that is, one
spatial sample, away from the probe aperture. Figure 5 shows
the results obtained simulating the standard full metal-coated
aperture probe and the Double C aperture one. The scales
on the x and y axes are the product of the spatial frequency
[defined asf, = (2Ax)~! and f, = (2Ay) '] times the radiation
wavelength. In this reduced system of coordinates, x = |1|
and y = |1| are equal to A/2; therefore, the sub-diffraction
wavelength components lie outside the interval (—1,+1). The
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Fig. 3. (a) SEM image of the Short-cut Double C aperture probe prototype
after the first aluminium deposition. It is visible that two separated strips
of Al with a Double C shape have been formed. The lighter line is a zone
of the fibre where no aluminium is present. (b) Magnification of the image
(a) with a better-visible dielectric separation line and metal short-cutting.

X7aa

probe is fed with a radiation polarized first along y and then
along x. The output fields are calculated in both polarization
directions y and x.

Figures 5a and d display the angular spectrum of the
standard probe fed with the E, component of the electric field.
The spectra show an isotropic distribution of the E,, component
(Fig. 5a) and a narrow spectrum of the E, component
(Fig. 5b), respectively. In particular, the E, evanescent
components have low amplitude. Because of the structure
symmetry, the other spectrum component would show the
same result in the opposite direction; therefore, here we report
only the spectrum obtained feeding with one polarization
direction. Clearly, these are the expected behaviours pointing

2Bk X558

Fig. 4. SEM image of the Short-cut Double C prototype after, respectively,
LiF and Al-Cr coatings.

out that the standard probe is not able to select a well-defined
state of polarization.

The angular spectra obtained by feeding the Double
C—shaped probe with E, are reported in Figs 5b and e, which
show the amplitude of the electromagnetic field components
E, an E, in the x and y direction, respectively. Figs 5c and
f report the amplitude spectrum of the components E, and
E,, respectively, calculated feeding the structure by E,. The
propagating field has higher amplitude than the evanescent
one, and the spectrum has two lobes with higher amplitude in
the x direction, indicating a strong confinement of the aperture
field in the x direction. The polarization of the evanescent field
is mainly along the Double C y axis. The structure efficiently
couples only the input E, mode; as regards the evanescent
zone, a very weak spectrum is observed in connection with
an E, feeding. Indeed, the spectrum reported on the Fig. S5e
has on average lower amplitude. In particular, the evanescent
components are almost negligible, and therefore the probe
allows a low coupling in the direction crossed with respect
to the y axis of the Double C structure. The four lobes of spatial
frequencies placed in the propagating zone account for the
possible components of the input E, that are coupled with
the edges of the Double C structure. The narrow distribution
and the very low amplitude of the spectra reported in
Figs 5c and f show that for input components of the electric
field orthogonal to the Double C structure (x direction), the
output is very low and the evanescent components are few.
This simulation indicates that the Double C structure provides
a general improvement on power magnitude of the overall
angular spectrum and it is able to select a well-defined state of
polarization. This behaviour is expected since a two-conductor
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Fig. 5. Spectrum of electric field (in dB) on an xy plane at z = 25 nm away from the probe aperture, for both structures of Fig. 1. In the first column, the
standard probe is fed with the E,, component of the field. In the second and third column, the Double C probe is fed with the E, and E,, respectively. The
propagative components of the electric field are between —1 and 1, the remaining part accounts for the evanescent region of the spectrum.

structure drives a Quasi-TEM mode with no cut-off frequency
till the end of the probe. However, it presents a drawback: the
increased power lies in the propagating components, that is,
the probe is not suitable for near-field microscopy.

The Short-cut Double C structure (Figs 2—4) overcomes this
limit. By the present arrangement, the Quasi-TEM mode is
driven very close to the end of the probe without cut-off. The
polarization state is defined by the Double C topology, whereas
the short conical waveguide attenuates the radiating part of
the field, maintaining alive the evanescent components. Of
course, the shorter is the cone, the higher is the near-field
amplitude. The angular spectrum of the electric field amplitude
of this new structure is presented in Fig. 6. The first row
(Figs 6a and b) shows the E, spectrum obtained by feeding
the short-cut Double C structure with E, and E,, respectively.
The second row (Figs 6¢ and d) displays the amplitude of the E,,
components obtained by feeding the probe again with E, and

© 2008 The Authors

E,. We can observe that, feeding the structure along the y and
x axes of the structure, the spectra are pretty similar but one is
attenuated with respect to the other. Such spectra are different
from those calculated for the pure Double C. Indeed in this case,
independently from the direction of the fed component of the
electric field, the output spectra have the same distribution of
spatial frequencies along y and x, respectively, corresponding
to an aperture field well confined in both the dimensions. In
particular, the spectra on Figs 6a and b have an isotropic
distribution of components as for the standard probe. The
spectra calculated in a direction orthogonal to the Double C
structure (i.e. x) present much lower amplitude and a narrow
distribution concentrated around the propagating zone. Thus,
the ratio between the near-field and the far-field component is
improved because most of the amplitude is distributed on the
evanescent components (Figs 6a and b). Such result confirms
that the Short-cut Double C probe acts as a polarizer producing
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Fig. 6. Spectrum of electric field (in dB), on an xy plane at 25 nm from the
probe aperture, for the Short-cut Double C structure of Fig. 2. On the first
[second] row, the calculated E, [E,] component are shown. In the first and
second column, the Double C probe is fed with the E,; and E,, respectively.
The radiative region of the electric field is between — 1 and 1, theremaining
part accounts for the evanescent region of the spectrum.

a near-field light linearly polarized regardless the polarization
state of the light coupled into the fibre.

To characterize in far field the polarizing properties of the
Short-cut Double C SNOM aperture probe, we couple to the
fibre the unpolarized light emitted by an LED at 538 nm.
In front of the SNOM probe aperture is placed a focussing
objective (50x, NA 0.52) and a rotating holder carrying a
linear polarizer. The LED current is modulated by the reference
signal coming from a digital lock-in and the light emitted
by the probe is detected in phase by a photomultiplier. The
results of the optical intensity versus the polarizer angle are
reported in the polar diagram shown in Fig. 7. The distribution
of the light along the polarizer angle indicates that the light
coming out from the SNOM is almost linearly polarized with an
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Fig. 7. Polardiagram ofthe Short-cut Double C probe prototype. The shape
of the diagram indicates that the light coming out from the probe is linearly
polarized, with an extinction ratio of 6 dB.

extinction ratio of 6 dB. Such a result shows that the prototype
probe is able to produce a near-field light with a well-defined
polarization state as predicted by the FDTD model. The slight
asymmetry observed in the polar diagram could be ascribed to
small grain imperfections on the metal coating of the aperture.
Furthermore, better near-field polarization ratios are expected
when the source coupled to the fibre is a polarized one. This is
the common situation in an SNOM experiment where usually
a polarized laser beam is coupled to the probe.

It is worth mentioning here that the short-cut Double C
structure closely resembles the hollow-pyramid cantilevered
near-field probes (HPC) (Mihalcea et al., 1996). They consist of
hollow metal-coated aperture tips integrated in a conventional
force cantilever and are known to maintain the polarization
(Oesterschulze et al., 1998) because they are very short.
Recently, this important property was confirmed by a direct
characterization in near field (Biagioni et al., 2005). Although
HPC probes cannot produce a well-defined polarization state
from unpolarizedlight, when they are fed by a defined polarized
field coming from a laser source they maintain the polarization
of the incoming light. In this case, they operate like our Short-
cut Double C structure.

Conclusions

This work reports about modelling and realization of a novel
aperture SNOM probe able to select a well-defined polarization
state named Short-cut Double C probe. It consists of a two-
conductor conical waveguide structure that blends, at the
apex, into a small single-conductor waveguide. Numerical
FDTD simulations were performed in order to evaluate the
angular spectrum of the electric field amplitude at the
nanometric probe aperture. Such calculations show that
the near-field spectrum is qualitative independent of the
polarization state of the incoming light and that the
electromagnetic field emerging from the probe aperture has
a well-defined polarization. Following the parameters given by
the simulation, we have fabricated a probe prototype. Far-field
polarization measurements of the near field coming out from
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this novel aperture probe confirm the predicted polarization
behaviour.
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