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Abstract: Recent years have witnessed fast progress in the development of
spatially variant states of polarization under high numerical aperture
focusing, and intensive exploration of their applications. We report a
vectorial, broadband, high contrast and subwavelength resolution method
for focal spot profiling. In this experiment, a 100 nm diameter gold
nanosphere on a silica aerogel substrate is raster scanned across the focal
spots, and the orthogonal polarization components can be obtained
simultaneously by measuring the scattering far field in a confocal manner.
The metallic-nanosphere-on-aerogel structure ensures negligible distortion
to the focal spots, low crosstalk between orthogonal polarization
components (1/39 in experiment), and a low level background noise (1/80
of peak intensity in experiment), while high contrast imaging is not limited
by the resonance bandwidth.
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1. Introduction

When a laser beam is focused under high numerical aperture (NA), the vectorial profile of the
focal spot can be manipulated to achieve a lot of intriguing light-matter interactions [1]. A
wide range of applications have been explored, which include optical trapping [2-7], laser
cutting and drilling [8-10], optical imaging [11], surface plasmon excitation and focusing
[12—-16], Raman scattering [17,18], fluorescence [19], photothermal therapy [20], two photon
absorption lithography [21], harmonics generation [22,23], optical data storage [24,25],
unique beam shaping [26,27], etc. To obtain knowledge of the vectorial profiles of the focal
spots, a variety of characterization methods have been demonstrated, which include scanning
near-field optical microscopy (SNOM) [28-33], optical antennas [34,35], a campanile
nanofocusing geometry [36,37], metallic nanoparticle scattering [38—40], molecular
absorption [41], exposing photoresist [42], anisotropic absorption of quantum wells [43], and
mathematical reconstruction [32,40].

Among the above mentioned vectorial profiling methods, scanning a metallic nanosphere
across the focal spot has been proposed to replace the complicated SNOM technique, and to
obtain more than a single polarization component. Bauer et al. have recently demonstrated
full-vectorial profiling results which very closely replicate the theoretical predictions, by
reconstructing both the amplitude and the phase of the field vectors from the Mie scattering
interference patterns of a metallic nanosphere [40]. However, in general, reconstruction
requires a stable optical alignment within the measurement time. When there is mechanical
drift which is difficult to avoid in many experiments, or when the focal spot is not perfect and
contains high order spherical harmonics, a direct measurement shall be useful. Earlier, Lee et
al. have reported direct measurement results by scanning a fiber taper functionalized with a
metallic nanosphere [38,39]. In their experiment, the polarizability tensor was measured to
distinguish the contribution from different polarization components [44], which was reported
to vary a lot between different probes [45]. The significant variation between and the
anisotropicity of the metallic nanosphere functionalized fiber probes are inherent in the
method itself, due to the nanosphere-fiber interface, as will be explained later in this paper.
Another important concern with focal spot profiling is that whenever the scanning scatter is
sitting on a substrate, e.g. an antenna sitting on a SNOM probe, or a nanoparticle sitting on a
fiber taper, the substrate distorts the focal spot and induces significant aberration under high
NA focusing [46].

In this paper, we report direct measurement of the focal spots’ vectorial profiles by
employing a metallic nanosphere supported on an aerogel substrate as the scanning probe.
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The three orthogonal electric field components in the focal spots are measured by monitoring
the nanosphere’s far-field scattering along the corresponding polarizations. Due to the aerogel
substrate’s close-to-unity refractive index, the nanosphere probe has an isotropic
polarizability, and the focal spot profile is not distorted by the substrate. The profiling results
of He-Ne laser focal spots in three different polarization states are reported, which show a
high signal-to-background ratio (SBR) and a high cross-polarization suppression ratio (CPSR)
even when the laser wavelength is off the surface plasmon resonance of the nanosphere, and
without using lock-in detection which is commonly adopted by SNOM experiments.

2. The scanning probe: a metallic nanosphere on an aerogel substrate

We use a 100 nm diameter gold nanosphere on a silica aerogel substrate as the scanning
probe. Aerogel is a porous nano material with typically more than 95% of its volume filled
with air, which leads to an extremely low density and a refractive index almost equal to that
of air, yet it is mechanically solid. It has been used by optics researchers to support
microphotonic devices without introducing modification to light propagation behavior
[47,48]. In our work, the aerogel substrate is used to “suspend” the gold nanosphere in air, so
that modification to the focal spot profile by the substrate is negligible. The sample was
prepared by putting a droplet of 100 nm diameter gold nanosphere colloid (TedPella), which
had been diluted and contained around 10® nanospheres per milliliter, on the silica aerogel
substrate. After being dried under ambient conditions for about an hour, the sample was
rinsed with water and blown dry with a nitrogen gun. In Fig. 1, a broadband light beam from a
halogen lamp is focused by a microscope objective with NA = 0.55 into the aerogel substrate.
The outline of the focused beam can be viewed due to weak scattering off the porous
nanostructure.

Fig. 1. A broadband light beam focused into a silica aerogel substrate. The NA of the
microscope objective is 0.55.

Another reason for using the aerogel substrate is that it doesn’t influence the scattering
cross section of the gold nanosphere on top of it, so as for the nanosphere to be an isotropic
scattering probe. This is critical for simultaneous profiling of all polarization components, in
contrast to optical antennas that rely upon dominant scattering along one of the polarizations.
To illustrate the substrate influence, the calculated scattering spectra of a 100 nm diameter
gold nanosphere in air and on a glass substrate are compared in Fig. 2, which shows
significant difference between s-wave (normal) and p-wave illumination. When the oscillating
dipole of the nanosphere on a glass substrate is parallel to the surface of the substrate, since
the electric field has little overlap with the substrate, the scattering cross section is almost the
same as that in air. But when the oscillating dipole of the nanosphere is normal to the surface
of the substrate, its scattering cross section at relatively longer wavelengths is significantly
increased. In addition, dipoles with different orientations on a glass substrate have quite
different radiation behaviors [49,50]. These two factors contribute to large anisotropicity and
off-diagonal elements in the polarizability matrix. Therefore, if a fiber taper functionalized
with a metallic nanosphere is used as the scattering probe, the nanosphere-fiber interface’s
area and orientation will both have significant influence on the measurement result. The
above calculation was done by using the total-field-scattered-field formulation of the finite-
difference-time-domain (FDTD) method. In the simulation, the source was a pulse of
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planewave and the boundary condition was perfectly matched layer. The grid size was 0.25
nm around the interface between the nanosphere and the substrate, and 5 to 10 nm elsewhere.
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Fig. 2. Calculated scattering cross section of a 100 nm diameter gold nanosphere when it is in

air, on top of a glass substrate under normal illumination, and on top of a glass substrate under
45°-to-normal p-wave illumination.

A typical experimental scattering spectrum of a single 100 nm gold nanosphere on the
silica aerogel substrate is shown in Fig. 3, under the broadband illumination as shown in Fig.
1. The theoretical scattering spectrum in air which is extracted from Fig. 2 is also included for
comparison. The broader bandwidth of the experimental result is largely due to the chromatic
aberration of the focusing objective and the mean free path limitation of conduction electrons
which has not been considered in the calculation. In addition, with very weak background
scattering from the aerogel, we are not limited by the resonance bandwidth of the nanosphere
to achieve a high SBR in our experiment. In the following demonstration, we used a He-Ne
laser at 632.8 nm, which is almost off the resonance as in Fig. 3.
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Fig. 3. Experimental scattering spectrum of a 100 nm diameter gold nanosphere on the silica
aerogel substrate. The diamonds are measured scattering intensity, and the blue solid curve is a
3rd degree polynomial fitting. The scattering spectrum has been normalized to the spectrum of

the incident beam. The theoretical scattering spectrum in air is extracted from Fig. 2 and
included for comparison.

3. Scanning metallic nanosphere microscopy

The optical experiment setup is shown in Fig. 4. It consists of three parts: (1) generation of a
He-Ne laser beam with different states of polarization, (2) a home-built optical microscope
which focuses the laser beam, and which takes a bright field image of the metallic
nanosphere, and (3) collection and confocal detection of the scanning nanosphere’s far-field
scattering along respective polarization directions.
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Fig. 4. Optical experiment setup. It consists of (1) a He-Ne laser beam converted to different
states of polarization, (2) a home-built optical microscope, and (3) a scanning metallic
nanosphere microscopy system. He-Ne, a He-Ne laser at 632.8 nm; Ol, optical isolator; LLF,
laser line filter; 207, 20" objective; 5’, 5" objective; LP, linear polarizer; PC, liquid crystal
polarization converter; IR, iris; FM, flip mirror; FL, fiber lamp; LS, lens; BS, 50-50% beam
splitter; ATTN, attenuator; M, mirror; ZL, zoom lens; CMOS, CMOS camera; 50°, 50"
objective; MNAR, a metallic nanosphere on an aerogel substrate; PS, piezostage; PD,
photodetector. The red and yellow lines indicate the flow of light from the laser and the fiber
lamp, respectively.

In part (1), a He-Ne laser beam in the TEMy, mode is expanded by a pair of objectives, in
order to fill the input aperture of the 50" objective (in part (2)) for high NA focusing. Then the
linearly polarized (LP) laser beam is converted to azimuthally polarized (AP) and radially
polarized (RP) states by a polarization converter (ARCoptix). The polarization converter
includes a twisted nematic liquid crystal cell, whose entrance plane and exit plane are linearly
and circularly rubbed, respectively. When a linearly polarized light beam propagates through
the liquid crystal, its spatial polarization follows the rotation of the liquid crystal and is
converted to the desired state of polarization. Imperfect alignment between the laser beam and
the liquid crystal cell induces observable distortion to the laser beam and its focal spot, which
is believed to be a major cause for the difference between experimental results and theoretical
predictions. The beam profile is cleaned up with an iris at the end of part (1). In part (2), the
laser beam in its designated state of polarization is focused onto the metallic nanosphere
through a 50" objective, which has a NA of 0.55. A home-built microscope is used to obtain a
bright field image of the nanosphere, so that we know the nanosphere is in the focal plane. In
part (3), the metallic nanosphere on an aerogel substrate is raster scanned by a closed-loop
piezoelectric stage. Far-field scattering off the nanosphere to the x-side direction is collected
by a lens with NA = 0.3. The collected scattering power is measured with a simple confocal
setup to block scattering from inside the aerogel, that is, the far-field is spatially filtered by an
iris on the image plane of the collection lens and detected by a photodiode right behind the
iris. Orthogonal polarization components can be distinguished by a linear polarizer before the
iris. The nanosphere is placed close to the collecting lens’ focal point so that the collected
field is almost normally incident onto the polarizer (Fig. 4 is not drawn to scale).

The scanning metallic nanosphere microscopy works simply as follows. In order to
measure the z-component of the electric field, E,, of the laser focal spot, we scan the
nanosphere across the laser’s focal plane and detect the far-field scattering power in the z
polarization. The same applies to E,. For measuring E,, a collecting lens on the y-side should
be used. For simultaneous detection of all polarization components, two collecting lenses and
three polarizers are needed, which are not shown in Fig. 4. For a perfect isotropic scatterer,
the crosstalk between orthogonal polarizations increases with the collecting lens’ NA, as
shown in Fig. 5. The CPSR value in the figure is defined as follows: assuming the polarizer is
in the y-direction, y-over-z(or x) CPSR = collected far-field scattering power when the
radiating dipole is in the y-direction / collected far-field scattering power when the radiating
dipole is in the z(or x)-direction. In our case, with a NA = 0.3 collecting lens, the y-over-z
CPSR is 8.7°'10°, and y-over-x CPSR is 38, which are theoretical limits to experiment results.
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Fig. 5. Cross polarization suppression ratio (CPSR) versus half collection angle. The dotted red
line corresponds to the collecting lens in our experiment.

Figure 5 has been calculated by deriving the mathematical expression of the far-field
radiation of a linearly polarized dipole after being collimated by a collection lens, as
following. A right-handed coordinate system is used. Both 7 and (x, y, z) are used to refer to a
spatial point. 7 refers to a unit vector along 7, and so on. Here we assume that the radiating
dipole is a point dipole sitting at the origin; the collection lens is in the y-z plane and has an
infinitesimal thickness, with its center at (f; 0, 0), where f'is its focal distance. The well-known

point dipole’s radiation field just before the collection lens is defined as E(7), where 7 is a

point on the plane of lens, that is, where the dipole radiation hits the lens. The plane of
incidence (POI) is defined as the plane that contains the x-axis and the point 7 . In order to

calculate the electric field right after the collection lens, E"H(F) , we decompose E(7) into its
projections onto the POI, E,, (¥), and onto the surface norm of POI, E por_Norm (') - Both
E,,, (F) and EPOIfNUrm (¥) will follow the rotation of the wave vector from 7 to x after
going through the lens, but in different manners, to E{LPO, (7) and *u,m,i vorm () 5

respectively. When x, y,z >0, we have the following equations, and the collimated E‘, (7)
field is subsequently filtered by the polarizer and reaches the detector.

Ea (r)= Eu,POI () +Ea,P017N0rm (), (1)
By oy (7) = —E(F). A= 20D) P2 XD @)
’ x—r(r-x)||r—x(r-x)
- . = o XXTP XXF
E, ror o (F)= E(V)'WW~ 3)

4. Vectorial profiling of focal spots

In this section, we describe the profiling results on the focal spots of AP, RP and LP He-Ne
laser beams, using the scanning metallic nanosphere microscopy method introduced in the last
two sections.

The AP polarization state refers to a cylindrical beam in which the electric field is
polarized in the azimuthal direction, as shown in Fig. 6a. By the Richards-Wolf vectorial
diffraction theory, at its focal plane, the electric field is polarized along the azimuthal
direction in a doughnut shape [51,52]. For an AP focal spot in the x-y plane (please refer to
Fig. 4 for the definition of the Cartesian coordinate system), we have calculated its |Ey|2 and
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|E.|* profiles as shown in Figs. 6b&c, the latter being completely dark. The |E,|* profile is just
a 90° rotation of the \Ey|2 profile and therefore not plotted or experimentally measured. The
calculation followed Ref [53], using NA = 0.55.

YI (b) (c)
L X 0.8
@ o
(d) (e)

Fig. 6. The theoretical and experimental vectorial profiles of an azimuthally polarized (AP)
focal spot. (a) A schematic of the electric field in a collimated AP laser beam. (b) Theoretical
|Ey|2 profile. (c) Theoretical |E.|* profile. (d) Experimental |E),»\2 profile. (¢) Experimental |E.]*
profile. All images are 2.4'2.4 pm®. Laser wavelength is 632.8 nm, focusing NA = 0.55.

o

Experimental profiling has been done by using a He-Ne laser and raster scanning a 100
nm gold nanosphere on the aerogel substrate in the focal plane, at a step of 80 nm. The
profiling results of |E,|* and yszf are shown in Figs. 6d&e, respectively. An SBR value of 80 is
obtained. The non-zero |E,|” profile is mainly due to the aberration in the collimated laser
beam as could be clearly viewed in our experiment, and the measured focal spot shape has
also been influenced by the mechanical drift of the stage supporting the acrogel. Limited by
the quality of the focal spot in our experiment, instead of drawing a line trace plot to compare
the theoretical and experimental data quantitatively, we choose a dashed box in Fig. 6d which
approximately corresponds to where |E,* is the highest but blocked by the polarizer. By
comparing the dashed box to the highest intensity in the same figure, after subtracting the
background noise of 1/80 according to the experimental SBR value, we obtained an
experimental y-over-x CPSR value of 39, which agrees well with the theoretical limit for a
perfectly isotropic scatterer. The experimental CPSR value is not as small at all spatial points,
which could either result from the aberration of the focal spot, or limited by the ellipticity of
the nanosphere.

Similarly, the profiling results on the focal spot of the RP He-Ne laser beam are shown in
Fig. 7, which is longitudinally polarized at the center of the focal spot.
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Fig. 7. The theoretical and experimental vectorial profiles of a radially polarized (RP) focal
spot. (a) A schematic of the electric field in a collimated RP laser beam. (b) Theoretical |E,|*
profile. (c) Theoretical |E.* profile. (d) Experimental |E,|* profile. (¢) Experimental |E.|* profile.
All images are 2.4'2.4 um”. Laser wavelength is 632.8 nm, focusing NA = 0.55.

The focal spot of the “conventional” LP He-Ne laser beam has also been characterized,
with a focusing NA of 0.9 and a scanning step of 50 nm, as shown in Fig. 8. Its linear
polarization breaks the rotational symmetry and results in an elliptical intensity profile under
high NA focusing [54,55]. The experimental results have been normalized by taking the peak
intensity to be the same as the theoretical predictions, for both |E,|* and |E.|". The weak |E,[
profile has a theoretical maximum of 0.014, and is smeared out by aberration and background
noise in the experiment, which is not plotted. The dashed box in Fig. 8e approximately

corresponds to where |E, | is the highest but blocked by the polarizer. By comparing it to the
highest intensity in Fig. 8d, after subtracting a nominal background noise of 1/80, we obtained
an experimental y-over-z CPSR value of around 260, which is much higher than the y-over-x
CPSR value as have been predicted by the theoretical work in the last section. Line trace plots
are also shown in Fig. 8f to compare the theoretical and experimental data.
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Fig. 8. The theoretical and experimental vectorial profiles of a linearly polarized (LP) focal
spot. (a) A schematic of the electric field in a collimated LP laser beam. (b) Theoretical |E, P
profile. (c) Theoretical |E.* profile. (d) Experimental |E), [ profile. (e) Experlmental |E.]* profile.
(f) Line trace plots along the dashed lines in (b) through (e), the |E.* curves have been
multiplied by a factor of 8.9. All images are 1’1 um’. Laser wavelength is 632.8 nm, focusing
NA=0.9.
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5. Conclusion

We have demonstrated a vectorial, broadband, high contrast and subwavelength resolution
method for laser focal spots’ direct profiling. By scanning a 100 nm diameter gold nanosphere
on a silica aerogel substrate in the focal plane of a He-Ne laser beam, and measuring its far-
field scattering by confocal detection, a CPSR of 39 and an SBR of 80 have been
experimentally obtained without resorting to resonance. Our method is better than the popular
SNOM measurement in that the low refractive index of aerogel enables simultaneous and
isotropic measurement of different polarization components with little crosstalk, and avoids
focal spot distortion. The theoretical limit of CPSR by using a collecting lens has also been
calculated.

It is worth mentioning that since any two polarization components can be detected using
the same collecting lens, by adding a 45° linear polarizer and a circular polarizer, the Stokes
vector and the relative phase between the orthogonal polarization components can be
obtained, which is not included in this work. This phase information has been pointed out to
be a key element for “full-vectorial” profiling [56]. It could also be worth discussing that
since the oscillating dipole of the nanosphere is only induced by the local field, the profiling
resolution is expected to be limited by the size of the nanosphere only and will not be
compromised by the resonance enhanced scattering cross section. However, as the Rayleigh
scattering cross section decreases as the sixth power of nanosphere diameter, there is a
tradeoff between spatial resolution, resonance bandwidth and signal-to-noise ratio.
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