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Abstract: We present the development and study of a single bowtie
nano-aperture (BNA) at the end of a monomode optical fiber as an interface
between near-fields/nano-optical objects and the fiber mode. To optimize
energy conversion between BNA and the single fiber mode, the BNA is
opened at the apex of a specially designed polymer fiber tip which acts
as an efficient mediator (like a horn optical antenna) between the two
systems. As a first application, we propose to use our device as polarizing
electric-field nanocollector for scanning near-field optical microscopy
(SNOM). However, this BNA-on-fiber probe may also find applications
in nanolithography, addressing and telecommunications as well as in situ
biological and chemical probing and trapping.
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1. Introduction

The improvement of nanoscale fabrication technologies has allowed the investigation of en-
hanced optical phenomena on metallic nanoparticles, leading to novel nanoantenna concepts,
such as the dipole [1], bowtie [2, 3] and monopole nanoantennas [4] as well as bowtie nano-
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apertures [5], single particles [6] and dimers [7]. Nanoantennas are now widely used to optically
interconnecfree-space propagating waves together with highly localized fields for applications
in the enhancement and control of the fluorescence of single emitters [8—10], nanolithogra-
phy [5, 11, 12], optical tweezing [13], near-field polarization engineering [14] and non-linear
optics [15, 16].

Despite the large number of potential applications, the development of resonant nanoan-
tennas as an optical interface between near-fields and diffraction-limited fiber modes has not
been extensively explored. A monopole nanoantenna has been grafted at the apex of a conven-
tional fiber SNOM aperture tip to probe and control single molecule fluorescence [4]. The low
throughput of the aperture tip which held the nanoantenna [17] was however a limiting factor
of that system. A plasmonic fiber probe has been demonstrated for in situ surface enhanced
Raman scattering (SERS) detection, with a matrix of nanoantennas engineered at the end facet
of a cleaved multimode optical fiber [18]. Unfortunately, the uniform and optimized excita-
tion of the nanoantenna array required for optimized non-local SERS measurements cannot be
achieved with highly multimode in-fiber illumination. Finally, the efficient optical coupling of
guantum emitters to optical waveguides has been proposed through the plasmon excitation of
metallic nanowires and nanotips for applications in the generation of guided single photons
on demand [19]. This technique, based on phase-matching between plasmon and waveguide
modes, reaches very high coupling ratios but seems to be difficult to be implemented directly
on a optical fiber.

In this paper, we propose to use a single bowtie nano-aperture (BNA) to interface diffraction-
limited single-mode optical fibers with near-fields and nano-optical structures. To improve the
nanoantenna-to-fiber optical coupling, the BNA is fabricated at the apex of a specially de-
signed metal-coated tapered tip. The resulting nanoantenna fiber probe opens new perspectives
in SNOM imaging, nanolithography, addressing and telecommunications as well as in situ bio-
logical and chemical probing and trapping. As a first application, we use this fiber probe as an
integrated nanocollector for SNOM since it behaves as a high resolution polarizing nanocollec-
tor with little sensitivity to the magnetic optical field. This new setup may bring new opportu-
nities to better discriminate between electric and magnetic fields in collection-mode SNOM for
an improved image interpretation.

2. Design and theoretical study of the device

2.1. Design

The design of our nanoantenna fiber probe, shown schematically in Figure 1, consists of a
single bowtie nano-aperture (BNA) opened at the end of a 30-micron long metal-coated fiber
tip. A BNA and bowtie nanoantennas are complementary gap-based nanoantenna geometries
which have similar capabilities for confining and enhancing optical radiations [3, 5]. However,

a BNA has the ability to strongly reduce background signal, which is of great practical interest
in the development of a highly-sensitive fiber nanoprobe that can be immersed in inhomoge-
neous diffusing media. The role of the tapered tip is to optically harness the nanoantenna to
the fiber, serving as a tapered waveguide aimed at efficiently matching radiation from the BNA
to the fiber mode, and vice versa. Its rounded apex (with 500nm radius-of-curvature) insures
propagation of the guided mode all the way to the end of the tip where the BNA is located.
Viewing the BNA as an optical waveguide [20], the tapered tip may be seen as an intermedi-
ate horn optical antenna which matches the electromagnetic impedances of the BNA and the
fiber guided mode. The proposed hybrid combination BNA/fiber-tip leads to a highly efficient
single-nanoantenna fiber probe, which remains effective even with relatively low fiber input
powers or less-sensitive detectors.
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Fig. 1. Scheme of the proposed nanoantenna fiber device.

2.2. Theory

Using the Finite Difference Time Domain (FDTD) method [21], we have carried out a theo-
retical study of the optical response of the tip of the BNA fiber probe both in emission and
collection modes. Although such investigations do not allow a quantitative study of the overall
probe properties, they give a good idea about the probe performances and its appropriateness
for integration onto an optical fiber. The model used for the simulation of the BNA-on-tip is
depicted inside the dashed-line rectangle of Fig. 1, consisting of a volume sparhBgm
in x and y about the tip apex. The refractive index and taper angle of the dielectric body of the
tip are chosen to be equal to 1.52 and,¥Bspectively. The tip is considered to be metal-coated
with 100 nm of aluminum, whose dielectric constant is given by a Drude model. Aluminum is
chosen for its high conductivity at infrared frequencies leading to high antenna effect. A 310
nm wide BNA with 45 nm wide square gap and’4tare angles is opened at the rounded apex
of the tip. The tip apex, with a radius of 500 nm, is located at x=y=z=0 and the simulation spans
1 micron below the tip in air, and terminates 9 microns into the body of the tip. All six bound-
aries of the computation volume are terminated with Convolutional-PMLs [22] in order to avoid
parasitic unphysical reflections around the probe. The non-uniform grid resolution varies from
25nm for portions at the periphery of the simulation, to 5nm in the region immediately around
the BNA (£190 nm in x and y and spanning -150 nm to 750 nm in z). Note that BNA geometry
has been chosen so that it is resonart at1.55 microns, using a theoretical design procedure
not detailed.

Figure 2 reports the simulation results of the BNA-on-tip in emission mode, when a gaussian
beam is launched into the tip portion under study (excitation waveleAgth1.55 microns).
The waist of the input beam fits the entrance aperture of the tip on which it is projected. We
show here the electric-field enhancement along the last 2 microns of the tip, in the (xz)-plane,
ie., the ratioR between the intensity along the tip and the maximum input intensity. Figure
insets display the electric enhancement in the transverse (xy)-plane placed 10 nm beyond the
very tip. The incident polarization is (a,b) parallel and (c) perpendicular to the axis (0x) of the
BNA metallic triangles. We clearly see in (b) and (c) ((b) displays the fifth ro& cdiculated
in (a)), the cutoff-free guiding property of the tip apex which efficiently drives energy up to
the BNA. The resulting intensity enhancement in the BNA gap, which is observed only in (a)
and (b), is about 350. Therefore, large fields may be expected in the gap of the BNA even for
relatively low power in the input fiber mode. The high polarization sensitivity of the BNA is due
to its high asymmetric shape, which leads to a charge distribution in the gap zone corresponding
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to an oscillating electric dipole. Such dipole properties are characteristics for the resonant mode
whichis strongly bound to the gap [2,7,23].

Fig. 2. Enhancement factd® of the optical electric field intensity ((xz)-plane) in the last

2 microns of the BNA fiber probeR is the ratio between intensity in the tip apex and the
maximum intensity of the input gaussian beam. The incident polarization is (a,b) parallel
and (c) perpendicular to the direction (0x) of the BNA metal triangles. In (b), the color
scale is mapped tB raised to the power 0.2, in order to provide a better view of the light
distribution within the taper. Insets of (a) and (c) shBwactor in a transverse (xy)-plane
placed 10 nm far from the BNA. Maximum values®flong this (xy)-plane are 120 in (a)
and 1.5in (c).

Following a reciprocal approach, we can investigate the collection properties of our system
by studying the efficiency with which the BNA radiates light into the tip body when excited with
electric and magnetic dipole moments located in the gap zone. Given the "emission" properties
of gap antennas, the collection process can be assumed to be mainly driven by the excitation
of the gap, which then resonantly induces the far-field radiation of the overall structure into
the tip. A corresponding experiment would be the detection with our fiber probe of fluorescent
single molecules.

Figures 3 (b) and (c) show the spectral response of the BNA-on-tip with electric and magnetic
dipole excitations, respectively. In both figures, collection spectra are shown for single dipoles
positioned 10 nm below the gap of the BNA, oriented along (0x), (Oy) and (0z) and radiating
a single temporal pulse (see Fig. 3 (a)). In each case, the time-varying Poynting vector flow
is calculated inside the probe, integrated over a transverse cross-section located 4.6 microns
far from the BNA. The spectrum of the collected power (P) is calculated by a simple Fourier-
transform of this result and normalized by the power spectrum of the free radiating dipole in
vacuum (IB). Simulations reveal a strong BNA-to-dipole resonant coupling only for the electric
dipole oriented along the BNA metallic triangles. This spectral behavior denotes a high overlap
between radiation of the dipole parallel to (0x) and the eigenmode of the BNA at the origin
of light transmission. Therefore, even in collection mode, optical response of the gap is close
to that of an electric dipole oriented along the BNA main axis, thus verifying reciprocity for
our nanoantenna device, at least at infrared frequencies. As a consequence, the BNA used in
collection mode may be seen as a nanopolarizer. Further investigations (not detailed here) show
that the interplay between the magnetic dipole and the BNA is mainly induced by an optical
electric coupling. This result tends to confirm that the BNA is mainly sensitive to a single
electric-field component with only a small sensitivity to the magnetic field.

Since transverse electric dipoles are well-coupled to single mode fibers through tapered
tips [24], we can expect high optical sensitivities of the proposed overall fiber probe in collec-
tion mode. At the resonance frequency, a collection efficiency of 20% is predicted for a BNA
excitation with a transverse dipole oriented along (0x) and positioned 10 nm beneath the gap.
This rather large value, equivalent to the quantum yield [25] of a single fluorophore (quantum
dot or fluorescent molecule) into the tip, shows that the BNA is a promising highly-sensitive
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Fig. 3. (a): Scheme of the theoretical configuration. (b) and (c): collection spectra for tip
excitations with (b) electric and (c) magnetic dipoles oriented along the 3 spatial directions.

optical nanoprobe, especially for interfacing single quantum emitters to optical fibers.

At the resonance frequency, the tip extraction efficiency is 170 fold larger with a dipole
source oriented along (0x) than with the same dipole oriented along (0Oy), leading to a polariza-
tion ratio of 1:170. A non-local excitation of the BNA by plane waves leads to a polarization
ratio of 1:37. This lower value is explained by a background effect due to the non negligible
transmission of optical waves in the triangular apertures for the incident polarization along (0y).
Therefore, the polarization ratio of the BNA-on-tip strongly depends on the kind of nano-object
that is probed. Both polarization sensitivity and resolution can be strongly improved by reduc-
ing the gap width. Further investigations have shown that the polarization ratio of the BNA is
enhanced to values around 1:30000 with a gap size of 5 nm for dipole excitation.

3. Fabrication and characterization

The fabrication procedure of BNA fiber probes is divided in three steps. First, polymer tips
are optically grown at the cleaved end facet of a monomode (1.55 micron wavelength) glass
fiber [26]. The on-fiber polymer technology developed by Lovalite company offers unique pos-
sibility to engineer complex shaped tapered fiber tips for optimum coupling conditions between
the nanoantenna and the fiber. Even without metal cover, the high index difference between
polymer tip and air is responsible for a high guiding effect throughout the tip,, from the fiber
to the tip apex, and vice-versa. The excellent phase-matching between the fiber and tip-guided
modes is due to the self-aligned fabrication procedure, in which a photosensitive mixture is
polymerized directly by the fiber modes. Afterwards, the probes are metal coated with a few
nanometer thick titanium adhesion layer followed by a 100 nm thick aluminum layer. Finally,
the BNA of dimensions detailed in the theoretical section is opened by Focused lon Beam (FIB)
milling. Figures 4(a) and (b) display scanning electron micrographs of a resulting fiber device.
Figures 4 (c) and (d) show the far-field output of the BNA fiber probe used in emission
mode, for incident guided fields with linear polarization parallel and perpendicular to the BNA
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Fig. 4. (a,b) Scanning electron micrograph of the BNA fiber probe: (a) side view of the
overall fiber tip and (b) top view of the tip apex revealing the BNA. (c,d) far-field radiation

of the system used in emission mode, for input guided waves of orthogonal linear polariza-
tions (see figure insets). (e) Polarization diagram of the BNA used in collection mode. Solid
curve: experiments, dashed curve: case of an ideal nanopolarizer: fluorescence diagram of
a single molecule (dipole absorption moment) versus incident polarization. (f) collected
signals of the far-field diffraction pattern of a 1D-grating, for two orientations of the BNA
with respect to the incident polarization (see figure insets).
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metallic triangles (see figure insets), respectively. The BNA fiber nanosource is imaged with an
objective (x100, 0.9 NA) coupled to an infrared camera (Hamamatsu), while gtf\0nearly-
polarized laser beanA E1.55 micron) is launched into the fiber through its free end facet.
Because BNAs strongly limit background excitation fields, the antenna effect can be directly
observed with a linear imaging process. The diffraction-limited bright spot visible when the
incident polarization is oriented along the two metallic triangles of the nano-aperture almost
vanishes when the polarization is rotated by.9this is in qualitative agreement with the field
transmission shown in Fig. 2, which proves that our experimental device develops the expected
dipolar antenna effect.

Figure 4 (e) displays the signal collected by the BNA fiber probe as a function of the inci-
dent polarization direction. This "polarization diagram" is measured by projecting a linearly-
polarized collimated laser beam directly onto the BNA at normal incidence. Before reaching
the probe, the laser beam passes through a half-wave plate to rotate the linear polarization at
will. The fiber probe output is then connected to a conventional InGaAs amplified detector
(Thorlabs). To ensure high signal-to-noise ratio, a synchronous detection scheme is used by
modulating the input laser beam and connecting the detector to a lock-in amplifier (Stanford),
which extracts the relevant signal at modulation frequency. The polarization diagram of the
BNA is generated by measuring the collected signal through the probe while rotating the inci-
dent polarization over 36y steps of 10. This experimental result (Fig.4 (e), solid curve) is
compared against the fluorescence of a single molecule (Fig.4 (e), dashed curve), which follows
a sinusoidal law with respect to the direction of the incident polarization [27]. The good agree-
ment between the two curves confirms that the collection properties of our experimental BNA
fiber probe are mainly governed by an electric dipole moment parallel to the BNA metallic
triangles. Our fiber device can thus be seen as a nanopolarizer with a polarization sensitivity of
1:31. This is close to the theoretical value 1:37 predicted in Section 2 with a large-scale plane-
wave excitation. This polarization filtering performance is confirmed in Fig. 4(f), which shows
the large scale spatial variations of the far-field diffraction pattern of a dielectric grating (pe-
riod: 1.9 microns). The grating is illuminated in transmission mode at normal incidence with
p-polarized waves (the incident electric field is perpendicular to the grooves). The collected
signal, plotted along a single scan line perpendicular to the grating, is attenuated by 30 times
when the BNA is rotated from the direction of the input polarization to the orthogonal one (as
described by the figure insets).

4. BNA fiber probe for collection-mode SNOM

BNAs have already been used to enhance collection efficiency of SNOM systems [28]. Here, we
suggest to exploit their high sensitivity to the electric field and polarization filtering properties
to develop high-resolution local probes aimed at improving image contrast via polarization con-
trast technique [29], and to obtain a more detailed vectorial information about electromagnetic
optical fields at subwavelength scale [30-32]. These BNA-on-fiber probes provide electric field
information still inaccessible with rotationally-symmetric metal-coated aperture and aperture-
less tips. Such conventional probes, which use ring-like metal patterns, are optically driven by
both electric and magnetic dipole moments [33, 34], leading to high probe sensitivities for both
electric and magnetic fields. This is a serious problem for accurate image interpretation, since
in the presence of subwavelength spatial variations the electric and magnetic fields do not spa-
tially overlap. Given its (electric) dipolar collection properties, the BNA fiber probe can bring
innovative solution to this problem. Imaging of quantum emitters is also a highly promising
application for these new probes.

We evaluate the ability of the BNA to accurately map nano-objects by computing the image
accumulated by the probe during the scan of a single electric dipole (theoretical equivalent to a
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Fig. 5. Image with the BNA-on-tip of an electric dipole oriented along (0x) pladed10

nm far from the BNA, in vacuum (represented by a double arrow in the figure inset). Solid
curve: collected signal along (Ox)-axis parallel to the BNA metallic triangles; dashed curve:
collected signal along perpendicular (Oy)-axis.

single molecule or a quantum dot). Figure 5 shows the image profiles resulting from the scan of
the dipole along the two axis of symmetry of the BNA: the solid and dashed curves correspond
to the axis parallel to (0x) and (Oy) directions, respectively, with the dipole is oriented along the
BNA metallic triangles (see figure inset). The dipole is positioned 10 nm beneath the probe, in
air. In order to take into account tip-to-sample optical coupling, the dipole is positioned 10 nm
over a dielectric flat substrate of optical index equal to 1.5. The images are obtained by calcu-
lating the collected power while varying the position of the tip by steps of a few nanometers
along the two scan lines. The model of the probe and simulation parameters are identical to
those used in section 2.2. We see that the image of the point-like source through the BNA is
an elliptical spot whose full width at half-maximum, limited to 50 nm along (0x) and 80 nm
along (0y), are bound to the 45 nm gap size and antenna shape. Following a conventional view
of imaging, we can see in these spot dimensions the resolution ability of the BNA. Comparison
of these results with the ones achieved without dielectric substrate shows that tip-to-sample
coupling is (surprisingly) negligible. Note that both resolution and polarization performances
are defined by the gap width of the BNA. Therefore, the higher the polarization ratio, the better
the resolution.

A BNA fiber probe has been used to image a simple test-object: a 1D dielectric grating fabri-
cated in a layer of PMMA with scanning electron beam lithography. The grating has a periodic-
ity of 700 nm, a depth of 250 nm and a line-width of 200 nm. When this subwavelength-period
grating is illuminated under normal incidence, all the diffracted orders in air are purely evanes-
cent except zeroth order. Therefore, the field variations that include the contribution of the
evanescent orders are located in the vicinity of the grating and are subwavelength in size. The
acquisition set-up used here is typical for collection-mode SNOM. A linearly-polarized laser
beam at the resonant wavelength of the BMAL.55 microns) is projected onto the grating at
normal incidence through the back flat interface of the substrate (input waves are p-polarized).
The BNA fiber probe is mounted in a commercial SNOM (from NTMDT company) that uses
a shear force distance control to keep the BNA right at the grating surface (within 15 nm) dur-
ing image acquisition. Images are formed by raster scanning the probe over the grating while
collecting the optical signal which is guided toward a InGaAs amplified detector through the
optical fiber. To ensure a satisfying signal-to-noise ratio, a conventional synchronous detection
scheme as described earlier is implemented.

Figures 6(a) and (b) show topography and corresponding SNOM gray-scale image achieved
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Fig. 6. (a): topography of the grating as measured by the BNA fiber probe, (b): correspond-
ing optical image (scale bar: 1 micron), (c): upper curve: profile of the topography along a
line perpendicular to the grooves, lower curves: profiles of the corresponding optical signal
(solid line) and simulation of the intensity of the electric-field component along the BNA
metallic triangles (perpendicular to the grating grooves) (dashed line).

with the BNA fiber probe, respectively. Here, the metal triangles of the BNA are oriented along
the input polarization (perpendicular to the grating grooves). Figure 6(c) shows profiles of the
topography (upper curve) and of the detected optical signal (lower curve, solid line). The optical
signal is compared with the simulation of the intensity distribution of the transverse electric-
field component parallel to the BNA triangles (dashed line). Theoretical results are achieved
with a perfectly square grating whose geometrical parameters are described above. Good agree-
ment between experiments and theory confirms that our fiber device is capable of faithfully
probing the subwavelength variations of a single transverse component of the electric field, at
least on dielectric surface. Asymmetry of the collected signal over a single period is proba-
bly due to either tip-to-sample coupling or to a slight BNA-to-tip decentring or tip asymmetry.
Since the depth of the topography do not exceed 10 nm on a sample 25 times deeper, our BNA
fiber tip acquires images in an almost constant-height regime. Note that the sharper variations
of the collected signal occur over only 130 nm, roughlit2, arising from intensity variations

at the grating edges that are predicted to span only 40nm in the near-field. Modulation of the
detected signal are thus about 2.4 fold smaller than the aperture size, which confirms that the
collection process is mainly initiated by the excitation of the gap of the BNA, rather than by a
uniform transmission through the aperture.

5. Conclusion

We have proposed to use a single gap-nanoantenna (here, a BNA) to interface nano-optical
phenomena and systems to diffraction-limited optical fibers. A prototype BNA fiber probe has
been presented and its emission and collection properties have been numerically investigated.
The results show that this integrated optical probe acts either as a tunable integrated nanosource
which enhances light intensity by several hundred times and confines energy to a few cubic
nanometers, or as a highly efficient nanocollector mainly sensitive to a single component of the
electric optical near-fields. The fiber probe has been fabricated by FIB onto a polymer fiber tip
and optically characterized in emission and collection modes. We found experimental results
in good agreement with theoretical predictions. As first application, our system has been used
as a polarizing electric-field nanocollector for SNOM. It may also find promising applications
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in nanolithography, addressing and telecommunications, as well as in situ biological and
chemicalprobing and trapping.
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