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Abstract: We experimentally demonstrate a dielectric metasurface that simultaneously provides a
color printing image (viewed with a brightfield microscope) and a far-field color hologram (viewed

by illuminating the device by red/green/blue lasers). © 2019 The Author(s)
OCIS codes: 090.1705, 160.3918

1. Introduction

Plasmonic devices achieving structural coloration have seen much interest recently [1]. Due to the damping that
inevitably accompanies plasmon resonances, such devices often have modest efficiencies, and the generated colors
sometimes appear dim. This has motivated interest in achieving structural coloration using Mie resonances supported
by dielectric materials with high refractive index and low loss (e.g. Si or TiO,) [2-3]. These devices are termed
dielectric metasurfaces. Here, we demonstrate a dielectric metasurface that simultaneously provides a color printing
image (viewed with a brightfield microscope) and a color hologram (viewed by illuminating the device by
red/green/blue lasers). Our work opens up interesting possibilities for optical document security and data storage.

2. Results

Our device comprises TiO2 cones on a glass substrate (Fig. 1(a)). These support resonances analogous to the Mie
resonances supported by spheres. In Fig. 1(b), we plot simulated and measured reflection spectra for arrays of TiO;
cones with different periods p and top radii r, but the same height (h) and taper angle (5). These exhibit relatively
narrow resonant peaks with high reflectance at wavelengths corresponding to the blue/green/red portions of the visible
spectrum. This makes them suitable for color printing and holograms. In addition, the fabrication method is
comparatively straightforward. Fabrication starts with the e-beam evaporation of TiO, (300nm) onto a glass substrate.
This is followed by e-beam lithography, e-beam evaporation of Cr, and lift-off. Inductively coupled reactive ion
etching is then performed to etch the cones. The device is completed by removing the Cr etch mask in Cr etchant.
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Fig.1. (a) Schematic of device: array of TiO, cones. Each cone has height h, period p, top radius r and tilting angle g. (b)
Simulated and measured reflectance for three cone arrays, with peaks at blue, green and red wavelengths. Cones have
different p and r, but the same h (300nm) and /3 (86°). Solid & dash-dot lines: simulation and experimental results, respectively.

A schematic diagram of hologram formation with our device is shown as Fig. 2(a). The color printing image (see
also Fig. 2(b)) contains three parts: an outer ring (region 111), a seated figure (in a Yoga pose, region II) and the space
surrounding the seated figure (region I). Each region comprises TiO, cones with a certain period and radius, and thus
appears a different color in the color printing image. In addition, each region encodes a different color (red/green/blue)
of the hologram. In this demonstration, the hologram consists of the words “Physical”, “Mental” and “Spiritual” (Fig.
2(a)). Our hologram employs the concept of the detour-phase, i.e. the arrangements of the TiO, cones generate the
required phase distribution. To this end, the cones are organized into supercells (blue boxes of Fig. 2(c)). For red
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(region 1) and green (region Ill), each supercell has extent 4 cones * 5 cones. For blue (region Il), each supercell is 4
cones * 7 cones. The geometric parameters of these cones are as given in Fig. 1(b). As shown in Fig.2(c), we vary the
x-position of each supercell to achieve the desired phase distribution. The phase difference between wavelets from
two supercells (separated by d in x direction) is 2zndsin(6)/A, where A is operating wavelength and 6 is angle of the
light. Here, 6 = 25°, as we operate around the first diffracted order. The relative offsets between supercells is also seen
in the scanning electron microscope of the device, shown as Fig. 2(d).

Our multicolor hologram is designed as follows. We first decompose the target holographic image into three sub-
images containing only the R, G or B components, respectively. We then design three holograms Hg, Hg and Hg to
reconstruct the three sub-images separately. Each has the same size as the color printing image. The three holograms
are then merged into one as follows. In region I, only the patterns from Hg are selected. Similarly, for regions Il and
[11, only the patterns from Hg and Hg respectively are selected.

The fabricated sample is observed using a microscope under the white light illumination (Fig.2(e)). To obtain the
holographic image, we use a filtered supercontinuum source (SuperK Compact) to simultaneously illuminate the
sample with red, green and blue light beams (630nm, 540nm and 465nm). These are y-polarized (Fig.2(c)), and
normally incident on the sample. The 1% diffracted order (at 25° from normal) is collected by a lens (12.5 cm from
metasurface), with the hologram displayed on a CCD camera (at 4 cm from the lens). The hologram is designed to
work in the far-field, so the holographic pattern can be observed either at the focal plane of an imaging lens or on a
screen at a distance from the hologram (e.g. 1m). Figure 2(f) shows that the words ‘physical’, ‘mental’ and ‘spiritual’
are clearly displayed with very little cross-talk between colors. The holographic image is truncated at the corners (e.g.
“p” & “1” in “physical”) due to the finite optical aperture. Some bright spots in “mental” are seen that originate from
zero-th order features, resulting from errors in the designed phase shift [4]. These will be addressed in future work.
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Fig.2. (a) Schematic of viewing color hologram encoded in color printing image. (b) Three regions of pattern. (c) Zoom-in
of region I. Blue boxes show supercells. (d) SEM image of fabricated sample, scalebar: 1um. (¢) Optical microscope image
of device, scale bar: 500um. (f) Experimentally obtained holographic image captured by CCD, scalebar: 2mm.
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