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ABSTRACT: Nanostructured metasurfaces demonstrate ex- 010000001000 000100
traordinary capabilities to control light at the subwavelength '&7}

scale, emerging as key optical components to physical —-

realization of multitasked devices. Progress in multitasked

000110 000101 000011

metasurfaces has been witnessed in making a single metasur- v ,{_

face multitasked by mainly resorting to extra spatial freedom, & f 6-bit co;:ies
for example, interleaved subarrays, different angles. However, (Total 2
it imposes a challenge of suppressing the cross-talk among

multiwavelength without the help of extra spatial freedom. - < { o
Here, we introduce an entirely novel strategy of multitasked \ =
metasurfaces with noninterleaved single-size Si nanobrick :
arrays and minimalist spatial freedom demonstrating massive

information on 6-bit encoded color holograms. The interference between electric dipole and magnetic dipole in individual Si
nanobricks with in-plane orientation enables manipulating six bases of incident photons simultaneously to reconstructed 6-bit
wavelength- and spin-dependent multicolor images. Those massively reconstructed images can be distinguished by pattern
recognition. It opens an alternative route for integrated optics, data encoding, security encryption, and information engineering.
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Metasurfaces are engineered planar structures with The flexibility in designing metasurfaces also makes it
subwavelength patterning to control phase, amplitude, possible to realize multitasked planar metadevices by
integrating multiple functionalities into one system. The
multitasked metasurfaces are mainly achieved by two
approaches resorting to polarization, spatial or wavelength
dimensions. The first approach is based on tailored
nanostructures with polarization-selective responses. These
metasurfaces with different geometries, for example, ellip-
structured tical?>™2¢ nanostructures, cross nanostructures,”’ and nano-

and polarization of an optical beam.'™® Their operation relies
on the optical response of nanostructures with position-varying
parameters, allowing to shape the optical wavefront in a
desirable manner.””*> Because of their compactness, meta-
surfaces are promising candidates to replace conventional

. . 14,18,19 11,20
optical elements such as gratings, lenses,

beam generators,lg’21 color® or polarization filters,® and

7,12,22 . .
holograms” to miniaturize the current optical systems. Received: October 22, 2018
Nevertheless, one physically fabricated metasurface among the Revised:  November 25, 2018
literatures is normally conferred with one specific function. Published: December 6, 2018
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Figure 1. Schematic diagram of the mechanism and unit cell structure. (a) The transmission-type 6-bit metasurface consists of silicon nanobricks
arrays with spatially varying orientations on a quartz substrate. By manipulating six fundamental bases of the input beams, the designed meta-
hologram is able to reconstruct 2°-1 different color variations of an image. The 6-bit code of the incident beam is in the transmission 1 or blocking 0
of the 3 X 2 (wavelength X spin) bases of the input light. The transmitted beams carry the embedded information on metasurface and reconstruct
the corresponding images at the observation plane. The six fundamental bases (Rrcp, Grepy Breps Ricpy Grep and Bicp) of incident light are
encoded by 100000, 010000, 001000, 000100, 000010, and 000001, respectively. The series s; represent the varying states of incident beams and
corresponding states of reconstructed image. (b) Part of experimental reconstructions of 6-bit metasurface by each fundamental bases (C§), two out
of six fundamental bases (CZ), and three out of six fundamental bases (C3). (c) Geometry of the designed unit cell structure representing one pixel
in the meta-hologram with periodicity P = 350 nm. The silicon nanobrick is S0 nm wide, 300 nm long, and 150 nm high, which rotates in plane
with an orientation angle 6. The silicon nanobricks with a rotating angle will introduce the geometric phase of +20 for opposite spins. (d) Scanning
electron microscopy (SEM) image of a partial region of the fabricated Si metasurface. Each Si nanobrick (300 nm X S0 nm) represents a phase
pixel as defined in the metasurface (scale bar: 1 um). The equivalent pixel size is 350 X 350 nm?. (e,f) Multipolar decomposition calculations of the
scattering cross sections, o, (e) and o5, (f) with the superscripts denoting the polarization of the incident beam along long-axis (L) and short-axis
(S) of the nanobrick, respectively. Inset: Gray rectangles are the nanobricks and double arrows are the polarizations of incident beam. (g)
Simulated and measured conversion efficiency. The conversion efficiency is defined as the ratio between the optical power of the transmitted light
with opposite handedness and the incident optical power. The blue and black curves represent the simulated and experimentally measured
efficiency for amorphous Si nanobricks, respectively.

rods,”®*™*! can achieve dual functions depending on the input positions,32_34 multiple angles,‘%’35 and interleaved subarrays.
polarization, such as polarization beamsplitters,” three-dimen- For multiple positions or angles, metasurfaces controlled the
sional stereoscopic prints,”* double-wavelength meta-lens,” incident beams to exhibits multifunctionality at different
and polarization-switchable holgorams.””*”***" However, positions or angles, while interleaved was achieved either by
capabilities of these metasurfaces are limited by polarization vertical stacking’®” or in-plane interleaving®”~** the subarrays
states. To increase the capabilities, the extra spatial freedoms specifically designed for each functionality. On the basis of the
were exploited. The extra spatial freedoms included multiple extra spatial freedoms, metasurfaces are able to generate

8017 DOI: 10.1021/acs.nanolett.8b04246
Nano Lett. 2018, 18, 8016—8024


http://dx.doi.org/10.1021/acs.nanolett.8b04246

Nano Letters

O — |

L! """;"ZO """" - el®Lce ol® Dininiieieeeddeteleieitedet -
(X, b Prcp! ) Z,
N . el?RCP
H @ (x0,¥Y0)
Rrep ’O > o1 |1| e
Grep ’O o1 ‘0‘
Brep ’O E—— m ) 7
Rier (O 0 0]
Grep lo - on IO‘
Bicp D — 01 IO‘ P Zoo . .
T ) i
100000 10000 e
S | EE

100000

S1

Figure 2. Creation of wavelength- and spin-dependent meta-hologram. Two sets of hologram phase profiles, @rcp(x0,y0) and @pcp(x,,), are

designed to operate incident beams with opposite spins and merged together by the function Ae?Eon) = gPrrton) 4 orer®0) (2) Under the
illumination of right-circularly polarized (RCP) light, the phase profile @rcp(xo,yy) reconstructs the holographic images R, G and B at the
observation Z, plane by red, green, and blue beams, respectively. (b) Under the illumination of left-circularly polarized (LCP) light, the phase
profile @ cp(xq,y0) reconstructs the holographic images flower, leaf, and snowflake at the observation Z, plane by red, green, and blue beams,
respectively. (c) The designed metasurface with merged phase profile ¢(x,,,) manipulates six fundamental bases to reconstruct six wavelength-
and spin-dependent images at the observation Z, plane. The six fundamental bases are in the transmission 1 or blocking O state.

multimeta-hologram,32_34’42 full-color holograms,35’43’44’49 op-
tical angular momentum (OAM) generators,”*” OAM
. 40,41 . D37 :
spectropolarimeter, optical recording,”” and achromatic
lenses.***® Moreover, although wavelength dimension has
been exploited for multitasked metasurfaces, the cross-talks
among different wavelensgths are mainly eliminated by specific
tailored nanostructures,”’ multiple angles,”> or interleaved
43 —46 49 . .
subarrays. There is a lack of a convenient way to
suppress the cross-talk among multiwavelength without the
help of extra spatial freedom.
In this paper, we introduce a novel type of multitasked
metasurface with spin-wavelength encoding that allows 6-bit
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control of incident beam based on minimalist spatial freedom
(noninterleaved amorphous silicon nanobricks in an on-axis
system), which is capable of 6-bit encoding color holograms.
Here we employ the concept of “bit” to describe the
fundamental bases that reconstruct a multicolor image. Each
fundamental basis represents a monochromatic beam with
polarization. For a mixing beam formed by N fundamental
bases, each fundamental basis can be a unit vector in N-
dimensional space being expressed by an N-bit digital code.
Each fundamental basis has binary states, “extinction” and
“existence”, corresponding to “0” and “1”, respectively. To
achieve the 6-bit for normal incidence, the red R, green G, and
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Figure 3. Demonstration of six fundamental bases for Si meta-hologram. (a) Retrieved phase profile occupying an area of 297.5 X 297.5 um®
consisting of an 850 X 850 pixel array. (b) Optical microscope image of the fabricated Si metasurface carrying the phase profile shown in (a).
Simulated (c) and experimental (d) reconstruction of six different holograms from the designed metasurface in (b) (scale bar: 10 ym). The

wavelengths of the incident light are 633, 532, and 488 nm.

blue B wavelengths with two different spins are used to
represent six fundamental bases (Rrepy Grepy Breps Ricpy Grepy
and Bjcp). The interference between electric dipole and
magnetic dipole in single-sized Si nanobricks with in-plane
rotation, that is, the Pancharatnam-Berry (PB) phase, enables
complete 6-bit control of incident beams, which provides the
dispersionless phase profile and spin-dependent tunability. On
the basis of the dispersion relationship of propagation,46 the
multiwavelength Gerchberg-Saxton (MWGS) algorithm was
used to retrieve two phase profiles: one phase profile
@rep(oyo) is designed to control Ryep, Gpepy Brep to
reconstruct independent images at a given z-plane; another
one @ cp(xo,) is designed to control R cp, Gy cp, and Bycp to
reconstruct independent images at the same plane. These two
phase profiles are then combined together by the function

Ae?Con) = ¢Pelon) 4 o#rer®0%) and encoded into a single
metasurface according to PB phase. As a result, by controlling
the states of 6-bit coding incident beams, the designed 6-bit
metasurface is able to reconstruct 63 spin-and wavelength-
dependent holographic images (as shown in Figure 1a,b). The
reconstructed images and corresponding incident beams can
be distinguished by employing pattern recognition. This
approach can be extended to design versatile wavelength-
multiplexed planar optical devices for color display, optical
imaging, optical encryption, and data encoding.

The phase-modulated 6-bit metasurface is constructed by a
set of amorphous Si subwavelength elements arranged in
square repeat units, that is, pixels. The local phase change of
the metasurface ¢ is controlled by the relative orientation angle
of amorphous Si nanobrick on top of the quartz substrate with
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the in-plane orientation # (named PB phase), which is used to
modulate the transmitted light as illustrated in Figure 1c,d.
These local phase changes @(xqy0) = +20(xy,) are
wavelength-independent and carried by transmitted beams
with opposite spins (Supporting Information Section 2). The
ratio between the optical power of the transmitted light with
opposite spins and the incident optical power is defined as
conversion efficiency.

To achieve the total maximum conversion efliciencies at
three working wavelengths (488, 532, and 633 nm), we
optimize the lengths and widths of nanobricks by simulations
at a fixed height of 150 nm. The width and length of silicon
nanobricks are 50 and 300 nm, respectively, which are
arranged on 350 nm pitch grid. Such nanobricks with high
length-to-width ratio exhibit broadband localized electric
dipole (ED) and magnetic dipole (MD) resonances (Figure
le,f). The ED and MD induced by the incident beam with
linear polarization along long-axis of Si nanobrick mainly
contribute to the conversion efficiency (Supporting Informa-
tion Section 2). As shown in Figure lg, the measured
maximum conversion efficiency is 49% at the wavelength of
633 nm. It can also be seen from Figure lg that these
nanobricks provide an acceptable conversion efficiency at the
whole visible region, which broadens the working bandwidth
for Si nanobricks.

The signs of these PB phase changes ¢(xo,y,) = %26(xy,0)
are defined by the spins of incident beams.'* In the Fresnel
region, the signs + of the phase-only hologram ¢(x,y,) lead to
the real and virtual switchable holographic images with
convergent and divergent wave fronts, respectively.”> More-

DOI: 10.1021/acs.nanolett.8b04246
Nano Lett. 2018, 18, 8016—8024


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b04246/suppl_file/nl8b04246_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b04246/suppl_file/nl8b04246_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b04246/suppl_file/nl8b04246_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.8b04246

Nano Letters

B ] e e o
e
O —Jo
O —o E—
o= ||
) —Jo
B /,
it ) z

0
010000 000011 000111 - -

|

100000 010000 001000 000100 000010 000001

000110 010010 001110 010101

001111 011011 101011 110111

Figure 4. Reconstruction of spin- and wavelength-encoded holograms from the 6-bit metasurface with 6-bit of information. (a) Schematic
illustration of the reconstructed images by each fundamental basis (fundamental states Cg), two out of six fundamental bases (dual states Cz), three
out of six fundamental bases (triple states C3), four out of six fundamental bases (quadruple states C¢), and five out of six fundamental bases
(quintuple states C3). (b) Designed phase profile of the 6-bit metasurface. (c) Optical microscope image of the fabricated 6-bit metasurface.
Simulated (top) and measured (bottom) intensity profiles of fundamental states (d), dual states (e), triple states (f), quadruple states (g), and
quintuple states (h). Scale bar, 10 ym.

over, for different working wavelengths A these dispersionless multiplying propagation distance (ie, Az) is equal to a
local phase changes ¢(ixy,y,) will reconstruct the same E-field constant (Supporting Information Section 3). The aforemen-
distributions without any scaling when the product wavelength tioned spin-switchable functionality and dispersion relationship
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will be used to design wavelength- and spin-dependent meta-
hologram.

As shown in Figure 2, to realize the wavelength- and spin-
dependent meta-hologram, the key idea is to design and merge
two-phase profiles, which are operating with the opposite spins
of the three different monochromatic beams to reconstruct
three independent images on the same plane, respectively.
First, the MWGS algorithm (see detailed description in
Supporting Information Section 4) is used to optimize each
phase profile, which can be used to reconstruct three different
independent images at the given z-plane for the three
monochromatic beams (red, green, and blue). On the basis
of the MWGS algorithm, we retrieve two phase profiles,
@rep(*0y0) (Figure 2a) and @pcp(xoyo) (Figure 2b), which
respectively operates for three monochromatic beams with
opposite spins to reconstruct three independent images at the
same z-plane (details are shown in Supporting Information
Section 5). Second, the function

Ae %) = greron) 4 gPco(om)is ysed to merge these two
phase profiles together, where the angle of this function is the
merged phase profile. The final phase profile @(xgy,) is
encoded onto the metasurface, where the n™ phase pixel ¢, of
the hologram is represented by a nanobrick with the
orientation angle ¢,/2 as defined in the metasurface. As a
result, (as shown in Figure, 2c) the six independent images on
the same position are switchable, depending on the spins and
wavelengths of the incident light. The three different
monochromatic incident lights with spins can be represented
as six fundamental bases (Rycp, Grepy Brepy Ricpy Grep, and
BLCP). Therefore, by arbitrarily combining the six fundamental
bases of the input lights, the 6-bit metasurface with (2°-1) spin-
wavelength-encoded holograms can be realized.

Figure 3a presents the calculated phase profile for wave-
length- and spin-dependent meta-hologram. In this design, a
total of 722 500 nanobricks were fabricated occupying a total
area of 297.5 X 297.5 um’. Figure 3b shows the optical
microscope image of the fabricated Si metasurface. The
schematic diagram of the experimental setup for the holo-
graphic reconstruction is shown in Supporting Information
Section 6. The designed meta-hologram reconstructs the “R”,
“G”, and “B” letters or the “flower”, “leaf’, and “snowflake”
patterns at exactly the same Z position (Z, = 213.4 um) for
different incident wavelengths by switching the circular
polarization state of the incident beam. As shown in Figure
3¢, R, G, and B letters are reconstructed by red, green, and blue
lasers with RCP (IAQRCP ,Grep, and ERCP) , while flower, leaf, and
snowflake patterns are reconstructed by red, green, and blue
lasers with LCP (R,cp ,Grop and Bicp). R, G, B, flower, leaf,
and snowflake patterns correspond to the six fundamental
bases, which are encoded by “100000”, “010000”, “0010007,
“000100”, “000010”, and “000001”, respectively. Experimental
results in Figure 3d restore the features of the designed images
nicely with the image details. According to the image-
switchable functionality, the cross-talks induced by opposite
spins is switched to Z; = —213.4 ym. On the basis of the
dispersion relationship, the similar holographic images
reconstructed at different wavelengths are located in different
Z planes (shown in Figures S6 and S7). Because the separation
between these planes (over 14 um) is larger than the depth of
focus (DOF) of the objective used in this work (DOF is 0.91
um), the cross-talk among different channels is eliminated at
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the captured plane of the charge-coupled device (CCD)
camera.

The 6-bit metasurface with the massive information on (2°-
1) bits encoded in color holograms has been realized. Here, we
choose a “ball” pattern as a target image, which is separated to
six different images for six fundamental bases. All images are
parts of the ball pattern and are reconstructed in the same
plane. By arbitrarily combining the 6 fundamental bases of the
input beams, the designed 6-bit metasurface can reconstruct 63
different spin- and wavelength-dependent holographic images
(as shown in Figure 4a). Figure 4b,c presents the calculated
phase profile and optical microscope image of the fabricated 6-
bit metasurface, respectively. To characterize the 6-bit
metasurface we modified the experiment setup as shown in
Supporting Information Section 7. Compared to the previous
setup (shown in Supporting Information Section 6), a
broadband QWP is used and the circular polarization analyzer
before the CCD camera is removed, which introduces
additional noise to the holographic projections.

Figure 4d demonstrates the simulated and measured results
of the reconstructed images of the fundamental states. As
expected, the holograms generate images with the identical size
and position for the given wavelength. By selecting the
fundamental bases, the fundamental states of the reconstructed
images can be switched. Thanks to the identical position of the
reconstructed images, the designed 6-bit metasurface can
provide the compound states of the reconstructed images by
controlling the combination of the six fundamental bases of the
input light. By choosing two out of three monochromatic
incident beams with circular polarizations, the dual states
enable not only the primary colors (RGB) but also their
secondary colors (cyan, magenta and yellow), as shown in
Figure, 4e. When one monochromatic beam with a linear
polarization (i.e, RCP + LCP) illuminates the designed 6-bit
metasurface, the reconstructed image ball with primary colors
(i.e, RGB) can be achieved at the observation plane. In
addition, Figure 4f presents a part of the intensity profiles of
the triple states. When the metasurface is illuminated by three
beams with different wavelengths and spins simultaneously, the
corresponding triple state shows a full-color (including white)
reconstructed image at the observation plane.

The designed metasurface also could support quadruple
states and quintuple states, which are shown in Figure 4gh,
respectively. By arbitrarily combining the 6 fundamental bases
of the input light, massive information on 63 spin- and
wavelength-dependent holographic images can be achieved as
shown in Supporting Information Section 8. The measured
intensity profiles of each state show great fidelity with the
colors, shapes, and sizes of the simulated intensity profiles. The
6-bit digital code of each intensity profile can be distinguished
by employing correlation functions (Supporting Information
Section 9), and the information on incident beam can
consequently be uniquely determined from the code.

The diffraction efficiency is a critical issue related to the
multitasked meta-holograms with massive information. We
provide a comparison between our noninterleaved method and
spatial multiplexed method (Supporting Information Section
10) concerning the diffraction efficiency. The diffraction
efficiency is defined as the ratio between the power of the
reconstructed monochromatic image and the power of the
converted transmitted light.51 Here, the reconstructed images
of different bits are located at the different areas in the same
plane. Figure S12 shows the average diffraction efficiency of
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spatial multiplexed method decreases according to 1/N?%*!
where N is the number of bit. Compared with spatial
multiplexed method, the higher average diffraction efficiencies
of noninterleaved method are achieved, because noninter-
leaved method is based on harmonic response.”’ Moreover, if
the reconstructed images move to the same area, non-
interleaved metasurface will control the composite wavefront
near the optical axis without separation, which is able to further
improve the energy utilization.

In this work, the designed multitasked metasurface is used to
control six fundamental bases of incidences. To estimate the
capacity of a multitasked noninterleaved metasurface, addi-
tional fundamental bases of beams at different wavelengths are
involved in the metasuraface design and the signal-to-noise
ratio (SNR) is used to evaluate the quality of reconstructed
images (Supporting Information Section 10). The SNR is
defined by the ratio the between the peak intensity in the
reconstructed im;_ige and the standard deviation of the
background noise.” Figure S13 shows that as the number of
bit increases to 14, even though the average SNR reduces to
about 40, the reconstructions by each fundamental bases are
still recognizable. This introduction of additional fundamental
bases will remarkably increase the information states carried by
a single metasurface.

In summary, we present a unique approach for achieving the
6-bit metasurface capable of encoding (2°-1) color holograms
based on an array of noninterleaved amorphous Si nanobricks.
These massive reconstructed holograms are arisen from
superposition and permutation of six fundamental independent
images. This approach not only overcome the cross-talk
limitation by single size elements for on-axis illumination but
also realizes a high-capability metasurface with great image
quality. It provides a way for future practical devices with
multiwavelength functionalities that may lead to advances in a
wide range of fields such as color display, information
encryption, and beam characterization.

Sample Fabrication. The sample was fabricated by a
conventional electron beam lithography (EBL). Amorphous
silicon thin films were deposited on fused silica substrates by
using chemical vapor deposition (Oxford PECVD). The
samples were then spin coated a layer of hydrogen
silsesquioxane (HSQ, Dow Corning(R) XR-1541-006) and a
charge-dissipation layer (Espacer 300Z) for EBL(Elionix ELS-
7000) patterning (acceleration voltage of 100 keV, e-beam
current of 200 pA, and exposure dose of 12 mC cm™2>%). After
the exposure, the samples were first rinsed in DI water to
remove the Espacer and then developed in the salty developer
solution®” for 1 min, followed by DI water, acetone/IPA
rinsing, and blow dry. The samples were finally etched by
reactive-ion-etching in inductively coupled plasma system
(Oxford Plasmalab 100) with the following recipe: Cl, with
a flow rate of 22 sccm, ICP power of 400 W, RIE power of 100
W, and temperature of 6 °C.

Numerical Simulations. Lumerical FDTD Solution (a
commercial software) was used to simulate and optimize the
elements of the metasurface. In this simulation, periodic
boundary conditions were employed along x- and y-directions,
while perfect matched layer was used along z-direction. The
circular polarized light is formed by two sources polarized
along x-and y-axes with a phase shift of +£90°, and the circularly
polarized beam is normally incident onto the nanobricks from
the substrate side. Experimentally measured refraction index of
amorphous Si is used in the simulations (Supporting
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Information Section 1). The multipole decomposition is
calculated by the Cartesian multipole analysis based on the
electric field within the Si nanobricks.'”>*>*
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