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Interference between multipole modes of Mie resonance provides the possibility to tailor a
radiation pattern of a sub-wavelength optical resonator. Unidirectional scattering arising from
constructive and destructive interferences between electric and magnetic dipolar modes in a
nanoantenna allows us to design a variety of metasurfaces. However, experimental
determination of radiation patterns of an individual nanoobject and the decomposition into
multipoles have not been performed under plane wave illumination due to the inability of
angular analysis in a conventional optical microscope. To this end, we develop an angle-,
polarization-, and wavelength-resolved microscopy setup to measure radiation patterns of an
individual nanoobject. We employ a single spherical silicon nanosphere as an ideal Mie
resonator and measure the angle- and polarization-resolved scattering in the angular range
from 30 to 150° against the incident angle. We show that Mie scattering from the electric and

magnetic dipoles of a single silicon nanosphere are selectively measured in the setup.

1. Introduction

A sub-wavelength optical resonator enables efficient manipulation of electromagnetic fields at
the nanoscale and can be a building block of functional metamaterials and metasurfaces.[*°
Recently, dielectric resonators made of high-refractive-index semiconductors are energetically

studied due to the possession of high scattering efficiency and low-loss Mie resonances.!*% In
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planar metasurface devices made from all-dielectric Mie resonators, the transmission
efficiency reaches the value equivalent to that of a glass plate (>90%).[1%12

The reported high transmission efficiency can be attributed to tailored scattering
radiation patterns of individual building blocks enabled by multipolar interferences between
electric and magnetic Mie resonances.[***3 For example, unidirectional scattering occurs due
to the interference between electric dipole (ED) and magnetic dipole (MD) resonances
(known as the Kerker-type directionality), which improves the efficiency of transmission type
metasurfaces by suppressing the reflection loss.*%*4151 Various directional nanoantennas
utilizing interferences between multiple resonances, for example, a dielectric or a
metallodielectric dimer[*®21 a Yagi-Uda antennal®?, and more, are proposed.!?3-?°! Besides,
transverse scattering, which means that a nanostructure scatters light neither to forward nor
backward directions, but to in-plane, has been achieved by the interference between dipoles
and off-resonant quadrupoles.?®! Furthermore, with a nanoantenna having an asymmetric
radiation pattern, a metalens with a near-unity numerical aperture (>0.99) has been
realized.l?"]

To maximize the performance of metasurfaces, evaluation of the scattering pattern of
individual nanoresonators is essential. Although it has been analyzed in detail by theoretical
calculation or simulations, only primitive measurements have been performed in experiments
due to some technical difficulties. Usually, a scattering spectrum of a single nanoobject is
measured with an optical microscope in the dark-field geometry. Scattering to forward or
backward directions is measured by illuminating light to a nano-object from the top or the
bottom by dark-field condensers and collecting the scattered light directed within the
numerical aperture (N.A.) of an objective.[*>28] Therefore, the term “forward and backward
scattering” does not often mean scattering to 0° and 180° directions, respectively, but means

“almost” forward and backward directions, respectively, i.e., scattering to large angle ranges
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are averaged. Another problem of the conventional dark-field configuration using grazing
angle ring-shaped illumination is the smearing of the polarization information.

In this work, we develop a dark-field optical microscopy system, which is capable of
angle-, polarization-, and wavelength-resolved scattering measurements over a wide angular
range from 22° to 158° against the incident direction. This is enabled by combining
specifically designed dark-field illumination and Fourier-plane (FP) imaging technique. FP
imaging, in other words back focal plane imaging, is a technique that resolves information in
a FP of a lens. In contrast to conventional imaging in an image-plane (IP), the FP has
momentum information of light, and thus angular radiation patterns can be obtained. In the
field of nanophotonics, it is often utilized to measure the radiation pattern of quantum
emitterst?>39 cathodoluminescence (CL)B%%, and lasing!®®, and to visualize propagation of
surface plasmon polaritonst7-3. The technique has also been applied to directional light
scattering by dielectric resonatorsf?®4%. However, angle- and polarization-resolved spectral
measurements of a nano-object over a wide spectral and angular range have not been
performed.

We employ a single spherical silicon nanoparticle as an ideal Mie resonator to
evaluate the constructed setup. We show that theoretically predicted angle and polarization
dependence of the scattering spectra can be reproduced in the setup. We also show that angle-
and polarization-resolved scattering measurements allow us to separately detect ED and MD
resonances. Although separate detection of ED and MD resonances of a nano-object is
possible by an attenuated total reflection (ATR) configuration®!l, by using specifically
tailored vector beams[*>®l and by cathodoluminescence (CL)E?, the setup developed in this
work provides more comprehensive information under plane wave irradiation without
utilizing special configurations and optical components. The setup can be applied to a nano-
object with any shape and can provide valuable information for the development of a

nanoantenna and a metasurface.
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2. Results and discussion
2.1. Angle and polarization-resolved Fourier-plane spectroscopy

In order to conduct the angle-, polarization-, and wavelength-resolved scattering
measurement, we update the illumination and detection setups of a conventional optical
microscope. Here, we start from a typical inverted microscope (Ti-U, Nikon) equipped with
an epi-illumination dark-field objective (50x, N.A. = 0.80) on the bottom and an upper dark-
field condenser as shown in Figure 1a and c. In the transmission mode (Figure 1a), white
light from a halogen lamp is shone via the upper condenser at the incident angle Ginc = 75°,
while white light from another lamp house is shone via the lower objective in the reflection
mode (Figure 1c) at #inc = 105°. Scattered light is then collected by the bottom objective and
relayed to a spectrometer (iHR320, Horiba Jobin Yvon) coupled with a charge-coupled device
(CCD; Symphony, Horiba Jobin Yvon). Although the inverted microscope is adopted here,
the methodology developed in this work is general regardless of whether it is inverted or
upright-type.

In a conventional setup, a dark-field condenser has a ring-shaped aperture and
illuminates a sample from all azimuths, and thus the azimuth cannot be defined. In this work,
we limit the azimuthal angle of illumination (¢inc) by placing a pin-hole at the position of the
pupil to fix an incident angle (Figure 1b,d). This enables us to define scattering polar () and
azimuthal (¢) angles uniquely with respect to the direction of the incidence. In both
transmission and reflection modes, the width of the azimuth (Aginc) is limited to ~ 20°. For
polarization-resolved measurements, linear polarizers are inserted in the illumination paths.

Next, we construct the detection setup based on the FP spectroscopy. As shown in
Figure 1e, the scattered light is collected by the bottom objective, forming an angular
distribution image in the back focal plane (i.e., Fourier-plane). The image is then transferred
to the entrance slit of the spectrometer using relay lenses. During the relay, a pinhole is

inserted in an image plane as a spatial filter. Since the illumination plane and the orientation
4
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of the spectrometer slit are parallelly aligned with each other, the slit resolves the scattered
light in the azimuth. Therefore, the scattering intensity image on a CCD has the information in
6 direction in addition to the wavelength along the vertical and horizontal axes, respectively.
For a better illustration of the FP spectroscopy setup, FP images of a diffuse reflection
standard are shown on the bottom panel of Figure 1e. When the Oth order diffraction is
projected to the CCD without closing the slit, the FP image contains angular information in 6
and ¢. The FP image is then restricted in azimuth by the slit and spectrally dispersed by a
grating, resulting in a two-dimensional (2D) scattering map of 4 and wavelength. Note that
the vertical axis of the raw data is proportional to sin 6, and it is transformed into 8 with the
arcsine function. The calibration of the & value is made by measuring the reflection of a
grating with a known groove density.

The angular range which can be obtained by designing the illumination and detection
geometries is schematically summarized in Figure 1f-h. Given that N.A. = 0.8 corresponds to
53°, the objective collects scattered light from 22° to 128° and from 52° to 158° against the
incident axis in the transmission and reflection modes, respectively. Thus, the angular range 6
=22°—158° (136° in total) can be measured with an overlapping range of 8 = 52° — 128°
(Figure 1h). Slight increase of the range may be possible if a larger N.A. objective is used.
However, since the largest collection angle is restricted by the incident angle of the upper

dark-field condenser (finc = 75°), drastic increase of the range is not possible.

2.2. Angle-resolved FP spectroscopy of silicon nanosphere

To evaluate the potential of the FP spectroscopy setup, we apply it for a crystalline
silicon nanosphere shown in Figure 2. Since the sphericity and the crystallinity are very high
as can be seen in Figure 2a and b, they can be regarded as an ideal Mie resonator. For the
angle-resolved FP spectroscopy, a nanosphere is placed onto an optically thin (= 10 nm)

silicon dioxide (SiO2) support film (Figure 2c), enabling us to evaluate optical properties in
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the simplest configuration without substrate-induced disturbance.! The scattering spectrum
measured in a conventional setup for a Si nanosphere in Figure 2d is shown in Figure 2e. The
nanosphere exhibits typical spectral response of Mie resonance, that is, ED (~ 540 nm) and
MD (~ 660 nm) resonances. The spectrum is in good agreement with that of the simulation for
a silicon nanosphere 168 nm in diameter (Figure 2f). The result of multipole decomposition is
shown in Figure S1 (see Supporting Information).[*”] We utilize the same nanosphere (Figure
2d) for the angle- and polarization-resolved measurements.

Before proceeding to angle-resolved spectroscopy of a nanosphere, we analyze the
expected results by simulation. A simulated 2D map of angle-resolved scattering spectra for a
silicon nanosphere 168 nm in diameter is shown in Figure 3a. In addition to strong scattering
peaks of ED and MD Mie resonances around 550 and 660 nm, respectively, a weak peak
arises at the shorter wavelength side of the ED resonance. The peak is assigned to the
magnetic quadrupole (MQ) resonance. These modes exhibit different angular dependence. For
example, the scattering intensity around the MD mode is almost twice larger in the forward
direction (6 = 0°) than the backward one (¢ = 180°), while that around the ED mode, the
intensities are almost the same in both directions. This difference arises from the so-called
Kerker condition; forward (backward) scattering is constructively enhanced in longer
(shorter) wavelength side of the MD mode, where the first (second) Kerker condition is
satisfied.[5:2448]

Experimentally measured 2D map for the silicon nanosphere is shown in Figure 3b
and c for transmission (22° to 128°) and reflection (52° to 158°) modes, respectively. We see
that the observed angular and spectral features show overall agreement with the simulation in
the angular range from 6 =~ 30° to 150°. For example, around 30°, both ED and MD
resonances are observed (Figure 3b) and in the 30-110° range, MD scattering is stronger than
the ED one (Figure 3b and c). In the measured 2D map, the slight undulation of the intensity

is seen in the vertical direction. This may be caused by undesirable filtering of certain angular
6
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components by the relay lenses or the aperture. Nonetheless, the important features of Mie
resonators such as the unidirectional behavior are well captured in the measurement.

Our FP spectroscopy setup allows us to extract a scattering spectrum at an arbitrary
angle. As a benchmark, we extract # = 50° and 130°scattering spectra from Figure 3, which
corresponds to the geometry shown in Figure 4a. Figure 4b shows simulated scattering
spectra at & = 50° and 130°. The corresponding measured spectra are shown in Figure 4c. The
measured and simulated spectra agree very well in both directions. Prominent ED and MD
peaks are observed at # = 50°, while both are broadened at 130°. Figure 4d and e show the
ratio of the 6 = 50° scattering spectrum to the 130° one obtained from the simulated and
measured scattering spectra, respectively. The spectral shape again agrees very well. The ratio
reaches around 14 at 709 nm in the measured spectrum, where the backward scattering is
strongly suppressed.

The FP spectroscopy setup is also capable of analyzing a radiation pattern at an
arbitrary wavelength. In Figure 4f, a simulated radiation pattern at the peak wavelength of the
intensity ratio spectrum in Figure 4d (= 710 nm) is shown. Light is predominantly radiated in
the forward direction (0 < 6 < 90°), and the backward scattering (8 > 90°) is strongly
suppressed at the wavelength due to the Kerker-type interference. Likewise, the
corresponding measured radiation pattern shown in Figure 4g shows the same directionality,

that is, the backward scattering (6 > 90°) is steeply suppressed.

2.3. Angle- and polarization-resolved FP spectroscopy
Under illumination by s- and p-polarized light, orientations of ED and MD moments

are fixed to a certain orientation. This enables us to selectively detect ED and MD moments
by angle-resolved FP spectroscopy. In the framework of Mie theory,*°! multipolar
contributions can be expressed using Mie coefficients a,, and b,, which correspond to nth

order electric and magnetic resonances, respectively. Following the definition of 8 and ¢ in
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references®®5, the polarization-dependent far-field scattering intensities 12., and Isca by a

sphere in free space are given by

cos ¢
Iseca = |E59|2

Z E,(a,t,(cosB) + b,m,(cosh))
(1)

sin qb

12 |Es¢| Z E,(anm,(cos0) + b,t,(cosh))

, Where Eq and E, denote the scattered electric fields, k is a free space wavenumber, E;, =

(2n + 1)/n(n + 1), m, and 7, are the angle-dependent functions.® Given our experimental

setup which is capable of defining ¢ by the entrance slit, setting ¢ to 90° and 0° corresponds

to the detection of s- and p-polarized light, respectively (Figure 5). Therefore, onIy cea |
detected under s-polarized light illumination, while IZ., is the matter for p-polarization. In this
condition, #-dependent angular distribution for each polarization can be simply illustrated as
shown in Figure 5. As indicated in the figure, ED and MD contributions can be separated by

further imposing a restriction of 8 = 90°, which leadsto 7; = 1and r; = 0 and

2
[5., & | El(a1)| and I, « |%E1(b1)| under the dipolar approximation. Note that this

strategy can be applied also to the second-order (n = 2) terms. For the quadrupolar
contributions, IS, o« |_iikE2(—3b2)| and IZ, « |iE1(—3a2) “at 6 = 900 51

In Figure 6a and b, simulated 2D maps of angle-resolved scattering spectra under s-
and p-polarized illuminations, respectively, are shown. In the simulated data, when & is
around 90°, ED and MD modes are separately observed in s- and p-polarized illuminations,
respectively. This behavior is reproduced in the measured spectra in Figure 6c¢-f, although the

data are noisy. In Figure 6c-f, the quality of the data is better in the reflection mode (Figure

6e,f) than in the transmission mode (Figure 6¢, d). This may be due to better alignment of the
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optical setup in the reflection mode because of the usage of the same objective for
illumination and detection.

To better visualize the selective detection of ED and MD scattering, simulated
scattering spectra at & = 90° are extracted from Figure 6a and b. Figure 7a shows the results.
ED and MD scattering is selectively detected in the s- and p-polarized illuminations. This can
be confirmed by comparing the spectra with analytically decomposed spectra in the
supporting information (Figure S1). The corresponding measured spectra taken from Figure
6e and f are shown in Figure 7b. We can see obvious agreement between the simulations and
measurements both in the s- and p-polarized illumination. Therefore, the ED and MD
contributions to the scattering spectrum of an individual sub-wavelength resonator can be
separately obtained in the angle-, polarization-resolved FP spectroscopy setup.

Finally, we would like to clarify the limitation of the developed setup. The first one is
the fixed illumination direction. For the measurement of an anisotropic object in a specific
illumination direction, the sample needs to be tilted. The second one is the limited range of 6.
In the dark-field configuration used in this work, measurement of the full 0° < 6 < 180°
range is not possible, and it is limited to the 22 — 158° range in the present work. Nonetheless,
the capability to measure angle-, polarization- and spectrally resolved scattering spectra of a
single nanoobject under incoherent plane wave illumination is unique and can provide a new

tool for the development of nanoantennas.

3. Conclusion

We have developed a Fourier-plane spectroscopy setup to measure angle- and
polarization-resolved scattering spectra of a single Mie resonator by implementing facile
modification on a conventional dark-field optical microscope and spectroscopy equipment. By
using a spherical silicon nanoparticle as a benchmark, we analyzed spectrally resolved

radiation patterns of a single subwavelength Mie resonator. We also developed the
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methodology to selectively detect the electric and magnetic dipole contributions in the
scattering spectra. Since the developed process does not require any special equipment,
configurations, and optical components, it may be utilized for optical characterization of a

variety of nanoantennas.

4. Experimental Methods

Preparation of silicon nanospheres: Silicon nanospheres were synthesized with a recently
developed method, which is based on phase separation of silicon-rich borophosphosilicate
glass at Ta = 1500 °C and subsequent etching by a hydrofluoric acid solution.[525%l The
synthesized nanospheres were dispersed in ethanol and then drop-cast on a TEM grid covered
with a 10 nm thick SiO film.

Simulation: Simulated scattering properties were obtained with the finite-difference time-
domain (FDTD) method (FDTD Solutions, Lumerical Inc.). The simulation model consists of
a silicon nanosphere in air and a plane wave source based on a total-field scattered-field
(TFSF) technique surrounded by perfectly matched layer (PML) boundaries. The refractive
index of silicon was taken from literature.[® Substrates were not considered. The angular
scattering spectra were obtained from the far-field scattered power after far-field projection.
The scattering spectrum in the conventional setup was simulated by integrating the power
over the light cone defined by the numerical aperture and the illumination angle of the
objective.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. Schematics of measurement configurations. (a-d) lllumination setups in (a,b)
transmission- and (c,d) reflection modes. (a,c) and (b,d) are conventional ring-shape and
limited azimuthal angle (¢;,.) illumination, respectively. (e) Detection setup using Fourier-
plane spectroscopy. (f,g) Detectable angle range in (f) transmission and (g) reflection modes.
(h) Total detection angle range against the illumination direction (6 = 0°).
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Figure 2. Crystalline silicon nanospheres as ideal Mie resonators. (a) TEM and (b) high-
resolution TEM images of the synthesized nanospheres. (c-e) Optical spectroscopy of the
silicon nanosphere in the conventional dark-field configuration. (c) lllustration of the
measurement setup. (d) TEM image of the nanosphere measured in this work. (e) Scattering
spectrum measured using a conventional setup. (f) Simulated scattering spectrum in which the
setup is considered.
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Figure 3. (a) Simulated and (b,c) measured angular-scattering intensities under unpolarized-
light illumination as a function of wavelength and scattered angle (). b and c are measured in
transmission and reflection modes, respectively.
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Figure 4. Evaluation of the directionality under unpolarized-light illumination. (a)
Measurement geometry. (b,d,f) Simulated data and (c,e,g) measured data. (b,c) Scattering
spectra at & = 50° (red curve) and 8 = 130° (black curve), (d,e) Ratio of the 8 = 50° scattering
spectrum to the & = 130° one, and (f,g) #-dependent radiation patterns at the peak wavelength
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Figure 5. Schematic illustration of selective detection of ED and MD Mie resonances with the
angle- and polarization-resolved FP spectroscopy.
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Figure 6. (a,b) Simulated and (c-f) measured angular-scattering intensities under (a,c,e) s- and
(b,d,f) p-polarized illumination. The ordinate is the scattered angle (6), and the abscissa is the
wavelength. c,d and e,f are obtained in the transmission and reflection modes, respectively.
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Figure 7. (a) Simulated and (b) measured scattering spectra under s- and p-polarized
illumination. The data are obtained from Figure 6 at & = 90°.
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In combination with tailored dark-field illumination and Fourier plane spectroscopy, angle-
resolved scattering measurement of individual nanoobjects is presented. By employing a
silicon nanosphere as an ideal scatterer, we demonstrate an analysis of directional scattering
arising from the interference of Mie resonances. Moreover, by further resolving in
polarization, the developed method enables us to separately measure electric and magnetic
dipolar scatterings.

T. Hinamoto,* M Hamada, H Sugimoto, and M Fujii*

Angle-, Polarization-, and Wavelength-Resolved Light Scattering of Single Mie
Resonators Using Fourier-Plane Spectroscopy
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