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(1) Long-term goal of laboratory and research background

In the past, it has been believed that the electro-magnetic properties of materials are
determined by the intrinsic property of the materials itself and no one can alter them. In this
research laboratory, we are intensively investigating the breakthrough science and
technologies that can artificially control the optical properties of the materials by using metal
nano-structures. This technology can create unprecedented optical materials such that it can
interact directly with the magnetic components of the light, in which the refractive index can
be zero, negative or tremendously giant values. We collectively call these kinds of artificial
materials - "metamaterials". We will also extend the application of metamaterials to develop
novel and functional optical devices that will open a door for new photonic technologies.

(2) Current research activities (FY2021) and plan (until Mar. 2025)

Three-dimensional (3D) printing has revolutionized manufacturing processes for electronics,
optics, energy, robotics, bioengineering, and sensing. Downscaling 3D printing will enable
applications that take advantage of the properties of micro- and nanostructures. However,
existing techniques for 3D nanoprinting of metals require a polymer—metal mixture, metallic
salts or rheological inks, limiting the choice of material and the purity of the resulting
structures. Aerosol lithography has previously been used to assemble arrays of high-purity
3D metal nanostructures on a prepatterned substrate, but in limited geometries. Here we
introduce a technique for direct 3D printing of arrays of metal nanostructures with flexible
geometry and feature sizes down to hundreds of nanometres, using various materials. The
printing process occurs in a dry atmosphere, without the need for polymers or inks. Instead,
ions and charged aerosol particles are directed onto a dielectric mask containing an array of
holes that floats over a biased silicon substrate. The ions accumulate around each hole,
generating electrostatic lenses that focus the charged aerosol particles into nanoscale jets.
These jets are guided by converged electric-field lines that form under the hole-containing
mask, which acts similarly to the nozzle of a conventional 3D printer, enabling 3D printing of
aerosol particles onto the silicon substrate. By moving the substrate during printing, we
successfully print various 3D structures, including helices, overhanging nanopillars, rings
and letters. In addition, to demonstrate the potential applications of our technique, we printed
an array of vertical split-ring resonator structures. In combination with other 3D-printing
methods, we expect our 3D-nanoprinting technique to enable substantial advances in
nanofabrication. This research results were published in nature.



Fig. 1 Schematic of the 3D-nanoprinting setup, which consists of a nanoparticle (aerosol) source, a
mask and a piezoelectric nanostage. Cations accumulated on the surface of the dielectric mask distort
the originally flat equipotential surfaces around each hole in the mask into convex ones, generating a
nanoscale electrostatic lens. As a result, charged aerosols are focused and guided along the self-
consistently converged Faraday electric-field line that ends at the tip of the growing structure.

Fig. 2 Printing in surface-writing mode and optical characterization of 3D plasmonic metamaterials.
(a) Scattered nanoparticles on the right-hand side of a nanopillar. (b) Ring structures printed by
repeatedly moving the nanostage in a circle. (¢) Numbers and letters (‘3D’) written on a substrate via
programmed movement of the nanostage. (d) SEM image of an array of vertical SRRs, with a period
of 9.2 um. (e) Measured (red) and simulated (blue) reflection spectra for linearly polarized light. (f)
Simulated surface current density under x-linearly polarized light at its resonant wavelength. (g)
Magnetic-field distribution of the vertical SRR.
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