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To develop optical nanoantennas, essential elements in optical nanodevices, nano—optical measurement
techniques are required since the optical fields of nanoantennas are confined on the nanoscales. Among
various characterization techniques, cathodoluminescence (CL) techniques are most suited for evaluating
optical nanoantennas since they can provide angle—, polarization—, and energy-resolved field mapping with
high spatial resolution through fast electron excitation. However, in conventional CL methods, it is
necessary to perform multiple CL measurements for multiple parameters. In this study, CL techniques to
simultaneously measure multiple parameters, 1i.e. multi-dimensional datasets, are developed. The
four—dimensional CL (4D-CL) method enables acquiring angle— and energy—dispersed CL intensity patterns
in synchronization with the electron beam scan. The simultaneous excitation and emission mapping (SEEM)
method enables emission position imaging synchronized with the electron beam scan. In addition, these
multi—-dimensional measurement methods are applied to demonstrate new concepts in nanoantennas

In the 4D-CL method, a CL intensity pattern, in which the angle— and energy—dependent information is
dispersed on a spectrometer camera, is measured at each step of the electron beam scan. The 4D information,
i.e. excitation position (2D) + angle (1D) + energy (1D), can be measured by a single electron beam scan.
By this 4D-CL method, it is revealed that multipole interferences up to higher-order modes excited in
a single particle can generate highly directional emissions, which indicates the realization of a single
particle directional nanoantenna that can be much smaller than conventional Yagi-Uda—-type antennas
Through the optical phase extraction analysis by Stokes parameter calculation of the 4D datasets, it has
also been demonstrated that circularly polarized light from a single spherical antenna with no geometrical
chirality can be generated by the fast electron excitation

In the SEEM method, emission position space is projected onto a camera in synchronization with the electron
beam scan, and two spatial information, i.e. excitation position space + emission position space, 1is
acquired by one shot of measurement. The SEEM method is applied to analyze two antenna systems in which
the excitation and emission positions are spatially separated. For the silver nanowire measurement, it
is found that the local mode emission is dominantly observed for the short—-axis polarization. For the
silver thin films with a single hole and a hole—pair, the energy transfer between the receiving and
transmitting antennas (holes) via surface plasmon polaritons is visualized by extracting the emission
from one hole.

In conclusion, the multi-dimensional CL methods that can simultaneously analyze multiple parameters have
been developed. By the newly developed CL methods, new concepts of single—particle nanoantennas are
proposed and proved. Such a comprehensive analysis technique is useful also for the characterization of
optical materials and devices in general.
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