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Abstract – Metasurface is emerging as an important platform to design various functional devices
due to the superior capability in controlling amplitude, phase and polarization of light through
its ultrathin engineering interface. A polarized-selective hologram of all-dielectric metasurface is
proposed to reconstruct multiplexed holographic images on different linear polarization status.
Unlike early metasurfaces composed of plasmonic resonators with great ohmic loss at visible spec-
trum, the designed metasurface made of silicon nanoblocks supports a broader spectral response
over the bandwidth from 600 to 760 nm with high diffraction efficiency and low crosstalk between
different polarization states. Both simulation and experiment have demonstrated the feasibility
and adjustability of the polarization-multiplexed metasurface hologram. We believe it will have
significant technological potential in the design of optical functional devices.

Copyright c© EPLA, 2018

Introduction. – The polarization-multiplexed holo-
grams are sensitive to the polarization of incident light
and can reconstruct different holographic images by sep-
arating the readout light through its polarization status,
leading various applications in optical information fields,
such as optical storage [1], encryption [2], multistage op-
tical switching [3] and optical interconnection network [4].
So far, various methods to realize polarization-dependent
holograms have been proposed and demonstrated. Tradi-
tional polarization-selective holograms are typically built
from either a naturally birefringent crystals with surface-
relief profile [5,6] or form-birefringent materials with
sub-wavelength microstructures [7,8], which provide ef-
fective methods for processing two independent orthog-
onal polarizations. However, most of them suffered
from narrow operating bandwidth so that the amplitudes
and phases of modulated lights changed drastically as
the incident wavelength deviates from the designed one.
Recently, metasurface [9–24], the two-dimensional pla-
nar meta-device composed of resonant sub-wavelength
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plasmonic or dielectric nanostructures, has emerged as
an important candidate to reproduce computer-generated
holograms [25] due to its advantages in manipulating
amplitude, phase, and polarization of an electromag-
netic wave at sub-wavelength scale. By merging two
sets of independent plasmonic nanoantenna arrays in
the same interface with low polarization crosstalk, re-
searchers have proposed polarization-multiplexed meta-
surface holograms [14,16,17,23], in which local plasmoic
resonance of individual nanoantenna can be selectively
addressed according to the orthogonal linear [14,16,23]
or helical polarization status [17,23]. Different from tra-
ditional polarization-multiplexed holograms, this intro-
duces an alternative to exhibit the polarization-controlled
dual images with high contrast over a broad frequency
range. However, all demonstrated polarization-selective
holograms consist of metal components, suffering from
low diffraction efficiency and poor image quality due to
the non-radiative ohmic loss and orthogonal polarizations
coupling.

Free from Ohmic loss, dielectric metasurfaces [10–13,18]
built up with nanostructures of high refractive index
have been used in the design of optical devices due to
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Fig. 1: (Color online) Transmission and phase modulation vs.
the short-axis length of the Si-nanoblock at a unit period of
200 nm. The insert shows the constituent basic unit cell of the
metasurface.

their easy-tuning electromagnetic scattering properties
and higher transmission efficiencies with full range (0–2π)
control. Silicon, the most commonly used material in
semiconductor industry, enables dramatic enhancement in
transmission efficiency, which makes it an ideal element
for the design of a high efficiency metasurface. In this
paper, we proposed a polarized-multiplexed broadband
hologram based on a transmissive-type all-dielectric meta-
surface with high efficiency, high contrast and high image
quality around the 600–760 nm visible range. Utilizing
the polarization-dependent light-matter interaction effect,
two set of holograms composed of Si-nanoblocks were en-
coded simultaneously on the same metasurface to recon-
struct different images with the illumination of orthogonal
linearly polarized light. Numerical simulation and exper-
iment have proved the feasibility and adjustability of this
polarization-multiplexed metasurface hologram.

Principle and design of polarized-multiplexed
hologram. – The intensity of the polarized electric field
along the long axis of a rectangle nanoblock is much
stronger than that along the short axis in the process of
light-object interaction [26,27]. In other words, if the di-
electric nanoblocks satisfy the condition of the long axis
oriented in the polarized direction of the field they can res-
onate, which can act as “switch on” or “switch off” with
the change of the polarized status of incident light, provid-
ing an effective approach to realize a polarized-selectivity
hologram. In this work, the Si-nanoblock, as shown in the
insert of fig. 1, is employed as the basic element due to
its low loss and low crosstalk between different polariza-
tion states. The constituent Si-nanoblocks with different
widths along the short axis, the same length of 200 nm
along the long axis and height of 320 nm were patterned
on top of a 100 nm thick silica substrate with the unit
period of 200 nm, center to center. Each Si-nanoblock be-
haves as a nanoantenna with its long axis always oriented
to the polarization direction of the incident beam.

Under the illumination of the corresponding polar-
ized light, some guided modes with dramatic phase

Fig. 2: (Color online) (a) The super cell of Si-nanoblocks for
wave front shaping with same geometric parameters except for
different short-axis sizes (20, 27, 35, 45, 56, 68, 83 and 125 nm).
(b) Phase distribution of the transmission y-polarized light.
(c) Phase modulation of the individual nanoblock vs. short-
axis length from 20 to 125 nm and incident wavelength over the
spectrum range of 600–760 nm. The insert black curve shows
the simulated transmittance of the gradient metasurface with
incident wavelength from 600 to 760 nm.

modulations of transmitted light can be excited by vary-
ing the width of the nanoblock along the short axis. Fi-
nite Difference Time Domain (FDTD) Method was used
to derive the structural parameters of the nanoblock for
0–2π phase modulation. The results of phase distribu-
tion and transmission amplitude are shown in fig. 1 as a
function of the nanoblock width for the normal incident
plane-wave at a wavelength of λ = 632.8 nm with polariza-
tion along the long axis. Considering the diffraction effi-
ciency and fabrication compatibility, we select eight width
stages (w = 20, 27, 35, 45, 56, 68, 83 and 125 nm) of a
nanoblock to design a 8-level dielectric metasurface holo-
gram with the 45◦ phase gradient interval. Although the
same phase variation may cause non-uniform amplitude
modulations, the average diffraction efficiencies of the se-
lected eight nanoblocks are still high, which can be bene-
ficial to high quality holographic images.

Figure 2(a) gives a super cell of the gradient metasur-
face composed of eight Si-nanoblocks with the gradual
widths in a phase increment of π/4 to achieve 0–2π
phase modulation. The periodic boundary conditions
are used around the super cell to form an infinite plane
structure with period of T = 1600 nm and phase gra-
dient of (∇ϕ)x = 2π/T. Due to the tangential wave
vector component kx = (∇ϕ)x, if the y-polarized light
is normally incident onto the array plane, the angle of
transmitted light can be calculated from the theoretical
expression θt = sin−1(kx/k0) = 23.3◦, where k0 is the
wave vector of free space. Figure 2(b) shows the cal-
culated phase distribution in the transmission space for
the normal incident light at the wavelength of 632.8 nm.
Obviously, the transmitted light is deflected by the whole
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Fig. 3: (Color online) (a) One pixel of the polarized-
multiplexed meta-hologram device with a size of 400×400 nm2.
(b) Top-view of the unit cell, with the inserts of long axis l,
short axis w and yellow unit dividing dotted line. The simu-
lated field intensity distribution of one pixel under the illumi-
nation of (c) x-polarized and (d) y-polarized light, respectively.

nanoblock-array metasurface with a slant angle of 23.19◦,
which agrees well with the theoretical result of 23.3◦. For
the Si-nanoblocks with a height of 100 nm, phase change
of 2π only occurs around a fixed frequency with a narrow
bandwidth based on the dipoles overlap due to the perfect
match of electric and magnetic resonances [18]. Here,
waveguide modes can be aroused in the Si-nanoblocks
with the higher height of 320 nm to excite the phase shift
of 2π with the broadband effect [28]. Figure 2(c) illus-
trates the phase pattern according to different short-axis
lengths and wavelengths in this case, where 0–2π phase
modulation can be achieved over a wide spectrum range
of 600–760 nm. In addition, as the black curve shown
in fig. 2(c), the transmittance of the whole metasurface
composed of this kind of super cell with h = 320 nm
was measured to illustrate the considerable diffraction
efficiencies of 91.5% at 700 nm, 82.3% at 632.8 nm and
more than 78% around the wide spectrum 600–760 nm.

Utilizing the polarization dependence of the light-
matter interaction, two kinds of Si-nanoblocks with
orthogonal long-axis directions were arranged to form a
sub-wavelength unit which can powerfully echo with the
corresponding polarized lights simultaneously. As shown
in fig. 3(a), a pixel unit consists of four Si-nanoblocks
with blue color to note one group responding to horizon-
tal polarized (x-direction) light and red color to note an-
other group responding to vertical polarized (y-direction)
light. Figure 3(b) gives the top-view of the pixel unit
with the nanoblocks arranged in a “swastika” shape, and
two nanoblocks in the same group are arranged with a
displacement vector of (l, l) symmetrically to enhance the
contrast of holographic images and diffraction efficiency of
the corresponding polarized component. For each polar-
ization mode, arbitrary phase modulation can be achieved
by varying the width w of the nanoblock along the short
axis as mentioned in fig. 1. The simulated results in
figs. 3(c) and (d) give the radiated far-field intensities of a

single pixel unit of 400 × 400 nm2 induced by x-polarized
and y-polarized normally incident lights, respectively. As
expected, linear polarized light strongly interacts with the
nanoblocks of the parallel long axis to obtain a distinct
diffraction pattern, and the diffraction patterns excited
by the orthogonal x- and y-polarized lights keep a low
cross-talk, which demonstrate that the designed pixel unit
can intensely respond to the orthogonal polarized lights,
respectively.

Numerical simulation and analysis. – The specific
pixel unit characters of independent orthogonal polariza-
tions make it possible to realize the reconstructions of dif-
ferent target images through a dual-channel phase-only
hologram composed of properly designed “swastika” units.
Using the classical Gerchberg-Saxton (GS) algorithm [29],
the two required phase profiles of target images “O” and
“K” are retrieved and then encoded into various short-axis
sizes of Si nanoblocks in designed “swastika” pixel units.
As illustrated in the fig. 4(a), an ultrathin metasurface
composed of 2D array of pixel units imprinted phases for
orthogonal polarized components simultaneously serves as
a synthetic polarization-selectivity hologram, which recon-
structs holographic images either “O” or “K” under the
illuminations of horizontal or vertical polarized light, re-
spectively. In order to reduce the need for computer sim-
ulation memory and reproduce clear images at the lowest
possible pixel units, the metasurface composed of 40 × 40
pixel units (i.e., 80 × 80 nanoblocks) is employed as the
polarized-selectivity hologram in this simulation. The nu-
merical simulation is equivalent to placing a screen at the
far enough distance of 1 m away from the metasurface to
perform Fourier transform, and the extracted target im-
ages are given by

|Pi(u, v)|2 = |FT {Pi(x, y)}|2, (1)

where Pi(x, y) is the distribution of phase information.
Figures 4(b) and (c) show the two reconstructed holo-
graphic images “O” and “K” in the cases of 632.8 nm
x-polarized and y-polarized illuminations, respectively,
which confirm the polarization-multiplexed function of the
designed metasurface hologram. Under the illumination
of 45 ◦ linear-polarized light beam, the two images overlap
each other due to the orthogonal decomposition of inci-
dent light, as shown in fig. 4(d). Their intensities are just
simple superposition because of the non-interactive effect
between the two orthogonal polarizations. The same phe-
nomenon can be achieved by the circularly polarized lights
with a phase difference of ±π/2 between the two orthog-
onal polarization components. In addition, the spotted
noises were found in the reconstruction images due to the
phase discreteness, which can be dramatic improved by
increasing the phase level. Although the transmission am-
plitude of each unit cell is not completely uniform, the high
contrasts of those simulated holographic images provide a
clear authentication of target images which can be viewed
by direct visual inspection. Furthermore, the designed
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Fig. 4: (Color online) (a) Illustration of our designed metasurface hologram under two orthogonal polarized illuminations.
The phase distribution of the two images “O” and “K” were encoded on the same metasurface and can be reconstructed by
the linearly polarized light along the x- or y-direction, respectively. Reconstructed holographic images for (b) x-polarized,
(c) y-polarized and (d) 45◦-polarizated under 632.8 nm illumination. (e) The transmission efficiency of two diffracted emissions
over the bandwidth from 600 nm to 760 nm for two orthogonal polarized positions. Reconstructed holographic images for
(f) x-polarized and (g) y-polarized under the 700 nm illumination.

Fig. 5: (Color online) (a) Illustration of the experimental set-up of the polarized-selective meta-hologram. The simulated phase
patterns of the required images “O” and “K” using FDTD with (b) x-polarized and (c) y-polarized incident light. (d), (e) The
corresponding experimentally holographic images by illuminating the phase information in (b) and (c) recorded by SML with
the (d) x-polarized and (e) y-polarized incident light, respectively.

meta-hologram maintains a high transmission efficiency
spanning a wide bandwidth of 160 nm, especially with an
efficiency over 80% at λ > 700 nm, as shown in fig. 4(e).
The extracted holographic images in figs. 4(f) and (g) un-
der the illumination at 700 nm also give a strong evidence
for the broadband characteristics of designed metasurface.

Experimental results. – As a proof-of-concept
demonstration, fig. 5(a) shows the experimental set-up
to characterize the performance of the designed meta-
hologram. The spatial light modulator (SLM) [30] can
imitate a standard hologram to yield a reprogrammable

optical wavefront under computer control, so the
meta-hologram was replaced by SLM in our experiment
for convenience. Different from traditional computer-
generated holograms (CGH) with holographic fringe
pattern obtained by simple sampling, calculation and cod-
ing, here the holographic profile, that is, the phase-only
profile imprinted on the metasurface, was calculated by
using the FDTD method. Figures 5(b) and (c) show
the calculated phase patterns. HOLOEYE PLUTO re-
flex phase-only SLM was used in our experiment to act
as the meta-holograms for the x- and y-polarized phase
patterns illustrated in figs. 5(b) and (c). A laser beam
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with 632.8 nm linearly polarization generated by the He-
Ne laser source and polarizer is incident on the SLM with
a beam radius of ∼5 mm to ensure the phase information
area could be illuminated entirely. The reflected holo-
graphic images were captured by a charge coupled device
(Coolsnap EZ CCD). It is clear that the reconstructed
holographic images of “O” and “K” shown in figs. 5(d)
and (e) have a high fidelity and less distortion, which agree
well with the previous theoretical and simulation results.
Due to the on-axis set-up of SLM, the zero-order diffrac-
tion pattern appeared at the center of the reconstructed
holographic images, but they do not affect the contrast
and quality of images, which can be improved by optimiz-
ing the multiple-level phase and sub-wavelength pixel size
of the meta-hologram.

Discussion. – The polarization-multiplexed metasur-
face hologram not only provides a new method to inte-
grate multiple hologram patterns into one hologram but
also brings an immediate impact on security and authenti-
cation. The various complex freedom degree of an optical
waveform, such as wavelength, polarization and respond
bandwidth, can be employed as security key to make in-
formation more difficult to be attacked. As in our design,
each type of polarized component independently manipu-
lates one set of the phase profile, so only the corresponding
polarized light can reconstruct the according image. Ad-
ditionally, the operating wavelength can be selected in a
wide responsive band from 600 nm to 760 nm which not
only increases the flexibility of our hologram, but also fur-
ther guarantees the security of the target information. For
example, if the incident light is within the designed wave-
length ranges, the positive holographic image can be still
extracted. In contrast, if the wavelength deviates from
the responded bandwidth, it could result in negative au-
thentication. In short, all the properties of the designed
metasurface hologram will possess a unique advantage in
the hologram-encryption system.

Amorphous silicon (a-Si) has been widely used in the
metasurface hologram due to its high transmission, low
loss and easiness in being deposited on any kind of sub-
strate. However, the operating wavelength of a-Si is
often limited to λ > 600 nm for its high absorption be-
low 600 nm [19]. In order to compensate this shortage,
the original materials of nanoblocks of the meta-hologram
can be replaced by other dielectric materials, such as crys-
talline silicon (c-Si) or titanium dioxide (TiO2) to extend
the response bandwidth to a visible spectrum range.

Conclusion. – In conclusion, we have implemented a
new kind of polarized-selectivity metasurface hologram ca-
pable of reconstructing different holographic images with
high efficiency and high contrast over a broadband spec-
trum range of 600-760 nm. Si-nanoblocks with fixed
long-axis size along two orthogonal directions and di-
verse short-axis sizes were employed to imprint two sets of
phase profiles of different target images on a metasurface.
Normal incident lights of linear or circular polarization

falling onto the metasurface can reconstruct different holo-
graphic images. Simulations and experimental results
agree well with the theoretical analyses. The polarization-
multiplexed hologram provides a new approach for the de-
signs of future optical functional devices in optical storage,
encryption, multistage optical switching and optical inter-
connection network.
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