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Abstract: Here we demonstrate the two-tier manipulation of holographic information using
frequency-selective metasurfaces. Our results show that these devices can diffract light efficiently
at designed frequency and environmental conditions. By changing the frequency and refractive
index of the surrounding environment, the metasurfaces produce two different holographic
images. We anticipate that these environmental dependent, frequency-selective metasurfaces
will have practical applications in holographic encryption and sensing.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Photonic metasurfaces with tailored sub-wavelength elements offer bespoke control of the
polarization, phase and amplitude of the scattered electromagnetic wave, which enable a wide
range of intriguing applications such as flat lenses [1,2], wave-plates [3] beam deflectors [4,5]
and holograms [6]. Specifically, holographic metasurfaces have attracted great attention for
applications in encryption [7,8], optical display [9-11] and sensing [12,13]. One of the key
advantages of using metasurfaces as holographic plates is the possibility to encode the information
into multiple physical properties of light, including orbital angular momentum [14,15], wavelength
[16—18], polarization [19-22], and direction of propagation of the light [23,24]. Access to
the holographic information can also be regulated dynamically by external actuations, such
as chemical reaction [25,26], mechanical modifications [27-29] and change in the optical and
physical properties of the surrounding medium [30,31]. In this work, we demonstrate holographic
metasurfaces that reveal the encoded information when both light properties and external control
parameters are suitably selected, thus implementing a reversible and tunable two-tier manipulation
of the holographic information. The working principle of these metasurfaces is shown in Fig. 1,
where different holographic images are obtained for specific wavelengths, in presence or absence
of water on the metasurface. In Fig. 1(b), the conditions of wavelength A; (depicted in the red
key) and surrounding medium M, (depicted in the yellow key) are satisfied to grant access to
a holographic image of the butterfly. With another set of “keys”, medium M, and wavelength
A2, one can gain access to the holographic image of a caterpillar, as shown in Fig. 1(c). The
holographic images two-tier manipulated by the metasurface are non-correlated, independent, and
can be arbitrary. This class of metasurfaces has promising applications in optical encryption and
optical sensing. In the following, we first describe the design and fabrication of the metasurfaces,
and the characterization setup. We then present and discuss the results, before concluding the
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Fig. 1. (a) Schematic of metasurface with two-tier manipulation of holographic information.
(b) Holographic image of a butterfly, accessed under the conditions of medium M and
wavelength A;. (c) Holographic image of a caterpillar, accessed under the conditions of
medium M, and wavelength ),.

2. Methods
2.1. Design

In our work, the metasurfaces are designed to work in reflection. The targeted images are
encoded using the Gerchberg-Saxton algorithm [32], with full Rayleigh-Sommerfeld integral
as propagator [33]. The metasurface consists of two sets of subcells (meta-atoms), as shown
in Figs. 2(a) and 2(b), with a resolution of 400 x 400 pixels and pixel size of 500 nm. The
subcells geometry is derived from the popular three layers approach, typically used to create
reflective-type metallic metasurfaces with Pancharatnam-Berry (PB) phase elements [34]. In
the traditional design, a metallic nano-rod is separated by a dielectric spacer from a reflective
background plane and its orientation on the plane is directly linked to the phase of the reflected
cross circularly polarized light. In our design, the dielectric layer underneath the nanorods is
not uniform, and the meta-atoms are composed of polymeric pillars capped with a thin 40 nm
metallic layer, standing upright on a fully reflective background plane mirror. A structured
dielectric layer mediates the frequency selective behavior of the meta-atoms and increases the
dependency from the refractive index of the surrounding medium. For subcell-1, the length L,
and width W of the pillars are 245 nm and 143 nm, respectively. For subcell-2, the length L,
and width W» of the pillars are 185 nm and 115 nm, respectively. For both designs, the unit
period P is 500 nm, the height of the pillar T}, is 310 nm, and the thin metallic layer T is 40 nm.
The model also includes the presence of a 5 nm thin interstitial layer of polymer between the
background metallic layer and the additional metallic cap, which results from the constraints of
the experimental fabrication method (see the fabrication section below). The electromagnetic
response of the meta-atoms was studied using the software Computer Simulation Technology
(CST). Figures 2(c) and 2(d) show the calculated reflectivity versus wavelength in the dry and
wet conditions for both subcells, for circular polarization. Fig. S1 shows the reflectivity of the
subcells for different orientations of the pillars and the calculated dephasing induced.

Figure 2(e) shows the contrast of the reflectivity between the two subcell designs. The results
show that subcell-1 has a substantially higher reflectivity than subcell-2 when the sample is dry
at a wavelength of 705 nm, whereas in wet conditions subcell-2 is more reflective than subcell-1
for a wavelength of 735 nm. Importantly, at these two wavelengths, the efficiency of the low
reflecting subcell is low enough to allow only one image to be displayed.
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Fig. 2. Schematic of (a) Subcell-1 and (b) Subcell-2 for the metasurface. (c-d) Reflectivity
of Subcell-1 and Subcell-2 for wavelength in the medium of air and water, respectively. (e)
Ratio of reflectivity between holograms of Subcell-1 and Subcell-2 in air and between those
of Subcell-2 and Subcell-1 in water.

The choice of the specific geometrical parameters was the outcome of an extensive numerical
campaign, which used as boundary conditions the fabrication constraints. Importantly, the design
of the two subcells aimed at increasing the ratio of their reflectivity at different wavelengths, for
different environmental conditions, rather than their individual efficiencies. In Fig. S2 we show
how the geometrical parameters of the subcells affect their respective reflectivity in both dry and
wet conditions. We note that the reflectivity of two subcells is determined by the frequency of
the supported resonant modes, which for subcell-1 and subcell-2 have a different dependence
from the refractive index of the surrounding environment. Fig. S3 shows the field distribution of
the key modes that determine the optical response of the meta-atoms and their dependence on the
main geometrical parameters.

2.2. Fabrication

Figure 3(a) shows the fabrication process. The substrate was a silicon die, which was initially
cleaned in ultrasonic bath in acetone and isopropanol, for 10 minutes each. We then deposited
with an electron beam evaporator (Edward AUTO306) an adhesions layer of 5 nm NiCr followed
by a 150 nm thick gold layer as background plane. We then spin coated a 310 nm-thick layer of
the e-beam resist Ma-N 2403 (Micro Resist Technology) at 3000 rpm for 60 s and baked the
sample for 15 minutes at 90°C. The holographic pattern was defined using a Raith eLINE Plus
Electron Beam Lithography (EBL) system, with a dose of 250 uC/cm?, followed by 10 minutes
of post-exposure baking at 90 °C and development using Ma-D (Micro Resist Technology) for
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100 s, followed by an isopropanol wash. Finally, a 40 nm thick gold cap was evaporated on the
developed sample. This process produces a small step on the gold layer at the base of the pillars,
which was included in the numerical model of the meta-atoms. This procedure has the practical
advantage of not requiring lift-off or etch-back approaches to realize the meta-atoms. However,
after the development of the exposed pillars, we consistently observed a thin residual layer of
polymer in the patterned area. This is due to the limited acceleration voltage of our e-beam
system and the fact that the pillars are defined on a gold background. This interstitial layer was
also included in the modelling, with a thickness of 5 nm, consistently with the experimental
observation. Figures 3(b) and 3(c) are two Scanning Electron Microscope (SEM) images of the
fabricated samples for dry and wet designs, where the scale bar is 500 nm.

Fig. 3. (a) Fabrication processes of the metasurface. SEM image of (b) Subcell-1 and (c)
Subcell-2.

2.3. Experimental measurement

To measure the efficiency and viability of the metasurfaces we designed two holograms producing
a collimated spot of 1 mm in diameter at an angle of 30 degrees, respect to the normal. Each
metasurface was 100 x 100 pm2 wide, tiled in 2 X 2 configuration, to minimize the effect of
speckling on the quality of the image, as customary [35]. A broadband laser (SuperK NKT
photonics) was circularly polarized, expanded to a beam with diameter of 1.5 cm with a telescope
made by two lenses with focal length 50 mm and 400 mm and then focused on the metasurface
with a lens with focal distance 750 mm. The setup produced a spot size of ~250 um diameter at
the metasurface. The collimated spot generated by the holograms was collected with a silicon
power meter (Thorlabs PM200), while sweeping the wavelength of the incident light using the
SuperK SELECT module, which extracts from the supercontinuum source pulses with bandwidth
in the ~1-3 nm range.

The experiment was repeated for subcell-1 and subcell-2 in both wet and dry conditions. For
the wet experiment, the sample was placed in a petri dish, filled with enough water to create a
flat interface, to avoid introducing aberration artefacts due to potential water menisci. In this
configuration, the free surface of the water was at about 2 mm from the metasurface. This distance
was sufficient to prevent issues related to multiple interference of light at the two interfaces.
The holograms were designed to produce an image on reflection at an angle of 30 degrees with
respect to the normal to the surface, thus much smaller than the total internal reflection angle at
the water/air interface. The ratios of the reflected power collected in the spot for the two types
of meta-atoms, both in dry and wet environments are shown in Fig. 4(a). The efficiency of the
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holograms in dry and wet conditions are shown in Fig. S4. The efficiency was corrected by the
spot size to metasurface area ratio.
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Fig. 4. Experimental measurements of the holographic metasurfaces under different
conditions. (a) Solid blue and orange lines demonstrate the relative efficiency of the subcell-1
to subcell-2 in dry and wet conditions. (b) Holographic pattern generated using 660 nm
wavelength in dry condition. (c) Holographic pattern generated using 705 nm wavelength in
dry condition. (d) Holographic pattern generated using 750 nm wavelength in wet conditions.

The second pattern was a 2 X 2 checkerboard pattern with 200 um metasurfaces of subcell-1
and subcell-2 fabricated side by side. The subcell-1 metasurfaces produced a butterfly image in
the imaging plane, whereas subcell-2 produced a caterpillar image in the imaging plane. The
holographic metasurfaces were designed to produce images with side of 2 cm, for an imaging
plane oriented at 30 degrees with respect to the normal, 10 cm away from the metasurface.
The incoming laser beam spot was slightly defocused to cover the whole pattern, which was
characterized at different wavelengths and environmental conditions, as shown in Figs. 4(b)-(d).

3. Discussion and conclusions

The results of Fig. 4(a) clearly confirm that the metasurface pattern produces two distinct images
when the designed wavelength is selected, and the environmental conditions are satisfied. The
ratios of the hologram efficiencies were obtained measuring the reflectivity spectra for dry and
wet samples. The experimental ratios had maximum values for A; =705 nm (dry condition) and
A2 =750 nm (wet condition). We attribute the shift of the peak of the ratio of the efficiencies
in the wet case to partial wetting and fabrication imperfections, which affect more strongly the
modes with high intensity at the sharp corners of the capping and background layers, responsible
for the wet operation (see again Fig. S3 and Fig. S4).

The holographic images shown in panels (b)-(d) of Fig. 4 were projected on a thin diffusive
screen and acquired with a camera with the same exposure parameters, for the same laser power.
The results clearly demonstrate that the metasurfaces can implement the two-tier encoding
scheme, showing different images with very good contrast at different wavelengths, for different
environmental conditions.
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In conclusion, we have presented a holographic metasurface for two-tier manipulation of
the holographic information. The two-tier manipulation is realized by combining the intrinsic
physical property of the light with external control factors. In our design, the reflective response
of the metasurface is tailored using both surrounding medium and incident wavelength. For
a specific combination of medium and wavelength, the metasurface produces a determined
holographic image. When both a different medium and wavelength are selected, the metasurface
produces a different holographic image. Such a holographic metasurface paves the way for multi-
degree-of-freedom manipulations of holographic information, which has promising applications
in holographic information encryption and sensing.
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