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Abstract: Interference usually occurs between two nonorthogonally polarized light beams. Hence, metasurface
enabled polarization multiplexing is generally conducted
under two orthogonal polarization states to realize independent intensity and/or phase modulations. Herein, we
show that polarization multiplexed metasurfaces can work
under three non-orthogonal polarization states to realize trichannel image displays with independent information
encoding. Specifically, enabled by orientation degeneracy,
each nanostructure of the metasurface operates with triplemanipulations of light, i.e., two channels for independent
intensity manipulation under π/4 and 3π/8 linearly polarized (LP) light, respectively, and one channel for phase
manipulation without polarization control. We experimentally demonstrate this concept by recording one continuousbrightness polychromatic image and one binary-brightness
polychromatic image right at the metasurface plane, while
a continuous-brightness polychromatic image is reconstructed in the far ﬁeld, corresponding to three independent
channels, respectively. More interestingly, in another design
strategy with separated image encoding of two wavelengths,
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up to six independent image-display channels can be
established and information delivery becomes safer by utilizing encryption algorithms. With the features of high
information capacity and high security, the proposed metadevices can empower advanced research and applicati
ons in multi-channel image displays, orbital angular
momentum multiplexing communication, information
encryption, anti-counterfeiting, multifunctional integrated
nano-optoelectronics, etc.
Keywords: holography; metasurface; nanoprinting; orientation degeneracy; polychromatic.

1 Introduction
With the ultrathin thickness and subwavelength dimensions, nanostructured metasurfaces have unparalleled capabilities of realizing arbitrary manipulations
of the electromagnetic fields. Polarization [1–6], amplitude [7–11], phase [12–16], and frequency [17–20] can be
meticulously controlled by changing the dimensions and
orientations of the nanostructures. With the characteristics of ultracompactness, high compatibility, low loss,
and high resolution, metasurfaces have pointed out a new
direction to design and fabricate novel electromagnetic
devices, such as metalenses [21–26], vortex beam generators [27–31], holograms [32–37], nanoprints [38–40],
etc. Thus, metasurfaces inject new vitality to promising
applications in the ﬁelds of beam shaping [41–44], anticounterfeiting [45–47], and optical storage [48]. In recent
years, polarization multiplexing has drawn lots of attention [49–51]. However, currently proposed approaches for
polarization multiplexing are generally conducted under
two orthogonal polarization states, e.g., LP light along x/y
axes and circularly polarized (CP) light with opposite
handedness, due to that two orthogonally polarized light
have no interference with each other. And orthogonal
polarization multiplexing for metasurfaces is generally
realized by varying the dimensions of nanostructures
This work is licensed under the Creative Commons Attribution 4.0
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[26, 52], which sharply increases the design and fabrication difﬁculty. Hence, the application scenarios would be
limited. Since multi-channel information encoding plays
a key role in many applications such as AR/VR displays
and high-density optical storage, developing new
approach for polarization multiplexing is important in
advanced metasurface research.
Recently, benefitting from the orientation degeneracy
derived from the Malus’ law, one metasurface with singlesize design can achieve multi-image encoding [53–55]. Not
only the design, but also the fabrication is dramatically
simpliﬁed, while the information density is signiﬁcantly
improved. In this work, we combine the supercell design
with the orientation degeneracy of the Malus’ law to
demonstrate a non-orthogonal polarization multiplexed
metasurface with tri-channel polychromatic image displays. We meticulously design and arrange the orientation
angles of the nanostructures with only two different sizes
to modulate the proportions of the red and green components. With the help of the orientation degeneracy, the
intensities and phases of the red and green components
can be independently modulated under three nonorthogonal polarization states incidence. As a result, one
continuous-brightness polychromatic nanoprinting image, one binary-brightness polychromatic nanoprinting
image, and one continuous-brightness polychromatic
holographic image are simultaneously encoded into a
single metasurface. More interestingly, in another design
strategy with the same metasurface, up to six independent
image-encodings and encryptions can be achieved, which
not only increases the channel numbers of metasurfaces,
but also provides a safe way for information encoding.
With the advantages of colour mixing, high information
density, high resolution, and high security, the proposed
non-orthogonal polarization multiplexed metasurfaces
can provide a simple way for information multiplexing,
and may have promising applications in the ﬁelds of
colour image encoding, anti-counterfeiting, optical storage, information encryption, etc.

2 Results and discussion
2.1 Working principles of the nonorthogonal polarization multiplexed
metasurface for tri-channel
polychromatic image displays
As shown in Figure 1, the proposed non-orthogonal polarization multiplexed metasurface is capable of recording

three independent polychromatic images, including one
continuous-brightness polychromatic nanoprinting image,
one binary-brightness polychromatic nanoprinting image,
and one continuous-brightness polychromatic holographic
image. Here, the “continuous-brightness” means that the
grayscales of meta-image’s red and green components can
be continuously modulated, i.e., each one ranges from 0 to
255 to form an 8-bit picture. To achieve the simultaneous
recording of the aforementioned images, we employ the
supercell design strategy with two dimension-types of
nanobricks acting as half-wave plates (HWPs) working in
the red and green spectra, respectively. Since the refection
spectra of the two types of nanobricks have little crosstalk,
red and green components of the reﬂected light can be
arbitrarily and independently controlled without interfering
with each other (see Methods for details about the reﬂectivities of the nanobricks). Hence, by elaborately arranging
the numbers and orientation angles of the nanobricks
responsible for red and green components, a colour mixing
scheme with a gradient moving from red through yellow and
ﬁnally to green can be achieved in near-ﬁeld channel 1, and
four colours can be mixed in near-ﬁeld channel 2, which are
red, green, yellow, and black. For far-ﬁeld holographic image in channel 3, the phases of red and green components
are individually optimized and the two holographic images
are mixed to form the target polychromatic image. The
proposed supercell structure contains four sub-cells, three
of them are designed to reﬂect green light and one reﬂects
red light, since the nanobricks responsible for reﬂecting
green light has a relatively low cross-polarization efﬁciency.
The polarization states and phases of red and green components can be manipulated by conﬁguring the orientation
angles of the sub-cells within a supercell.
In the near field, nanoprinting patterns require independent intensity modulation for the red and green
components for colour mixing. Here, both the red and
green components of the near-field images apply the
same design approach as follows. When the incident
light with the intensity of I0 goes through a bulky polarizer, an anisotropic nanostructure acting as a nano-HWP,
and a bulky analyser sequentially, governed by Malus’
law and the polarization modulation property the HWP
possesses, the intensity of the output light can be
expressed as
I R = I 0 cos2 (2θ − α1 − α2 ) ,

(1)

where θ is the in-plane orientation angle of the nanobrick,
and α1 and α2 are the polarization directions of the bulky
polarizer and analyser, respectively. When the polarization
directions of the polarizer and analyser are ﬁxed at α1 = π/4
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Figure 1: Diagram of the non-orthogonal polarization multiplexed metasurface for tri-channel polychromatic image displays. One continuousbrightness polychromatic nanoprinting image, one binary-brightness polychromatic nanoprinting image, and one continuous-brightness
polychromatic holographic image are encoded into a single metasurface. The near-field images appear right at the metasurface plane and can
be decoded with the help of a bulky polarizer and an analyser, with two different polarization combinations. The far-field holographic image
can be reconstructed under laser incidence at two specific wavelengths without polarization control. Here, supercell design strategy is
employed to independently manipulate the red and green lights for colour mixing.

and α2 = 3π/4, the intensity of the output light can be
simpliﬁed to
I r1 = I 0 cos2 2θ ,

(2)

Here, Ir1 represents the intensity modulation property
in channel 1. Then, we keep the polarization directions of
the polarizer and analyser unchanged, while rotating the
metasurface by π/8, i.e., we rotate both the polarizer and
analyser to the same direction by π/8. For every single
nanostructure of the metasurface, it can be regarded as
a π/8 reduction of the orientation angle. Hence, the
intensity of the output light can be written as
π
I r2 = I 0 cos2 (2θ − ) ,
4

(3)

where Ir2 represents the intensity modulation property in
channel 2. The working principle of the dual-channel nearﬁeld intensity modulation is illustrated in Figure 2(a). For
every sub-pixel within a pixel, it is obvious that the black

dotted line representing a speciﬁc intensity has four black
cross-marked points of intersection, #1, #2, #3, and #4 with
Ir1, which indicates that to achieve a speciﬁc intensity
modulation of the sub-pixel in channel 1, there are four
orientation angle candidates of the nanobrick. For the same
sub-pixel in channel 2, the intensity value can be chosen to
be higher or lower than 0.5. Speciﬁcally, to realize a higher
value modulation, there are two orientation choices, #1 and
#3, while the rest of the two orientation angles #2 and #4 can
be used to achieve a lower value modulation. Via this
approach, the continuous modulation and binary modulation of both the red and green components are realized in
channels 1 and 2, respectively. It should be noted that the
binary intensity value of channel 2 is related to the intensity
value of channel 1, which would affect the brightness and
colour mixing. However, the calculated results shown in
Section 1 of Supplementary Material indicate that the
average deviations have little inﬂuence on colours.
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Figure 2: Working principles of the non-orthogonal polarization multiplexed metasurface for simultaneous dual-intensity and phase
modulations.
(a) Near-field intensity modulation scheme of the metasurface. When the bulky polarizer and analyser are rotated to two different polarization
combinations, i.e., (π/4, 3π/4) and (3π/8, 7π/8), the intensity of the incident light in channels 1 and 2 can be modulated according to two
different modulation functions Ir1 and Ir2. For a pixel with the speciﬁc intensity in channel 1, there are four orientation candidates for each
nanobrick. For the same pixel with the binary value in channel 2, two of four are qualiﬁed, depending on whether the value is above 0.5 or
below 0.5. (b) Phase modulation scheme of the metasurface. The geometric phase is equal to twice the orientation angle. It should be noted
that only two of the four candidates are available since the intensity modulation should meet the requirements in channels 1 and 2.

Moreover, every nanobrick can be allocated two
orientation angles to realize the two nanoprinting images
encoding, which leaves a degree of freedom and makes it
possible to encode another polychromatic holographic
image, enabled with geometric phase.
In the far field, benefitting from the design freedom of
the orientation degeneracy mentioned above, each nanobrick has two orientation angle options to achieve the
desired intensities in the defined orientation interval [0, π],
which indicates that a two-step geometric phase encoding
can be achieved and a phase-only holographic image can
be generated under CP light illumination. When the CP
light is incident on the nanobrick, the cross-polarized (cropol) part of the reﬂected light is added with an additional
geometric phase, which is exactly twice the orientation
angle of the nanobrick, as shown in Figure 2(b), while the
co-polarized (co-pol) part of the reﬂected light remains
unchanged. Therefore, the Simulated Annealing (SA) algorithm can be employed to optimize the phases of the red
and green components. It is worth noting that the two-step
phase encoding method brings about a phenomenon that
the holographic image should be centrosymmetric, which
is a double-edged sword. The range of the picture available
is limited to a half reﬂection space, while the experimental

setup of the reconstruction is simpliﬁed, because the polarization state of the incident light is no longer required
(more details about two-step phase holography and
experimental setup can be found in Section 2, Supplementary Material).
By applying the scheme mentioned above, intensity,
phase, and spectrum of the reflected light can be simultaneously manipulated. Hence, one metasurface is able to
record three independent images under three nonorthogonal polarization light incidence, two near-field
polychromatic nanoprinting images with continuousbrightness and binary-brightness can be realized, and a
far-field continuous-brightness polychromatic holographic image can be reconstructed in the Fraunhofer diffraction
zone.

2.2 Design and experimental demonstration
of the non-orthogonal polarization
multiplexed metasurface
Based on the simultaneous intensity, phase, and spectrum
manipulation of light, we design a non-orthogonal polarization
multiplexed
metasurface
for
achieving
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polychromatic dual-nanoprinting and holography. The
metasurface is based on silicon-on-sapphire (SOS) material
which consists of silicon nanobricks sitting on a sapphire
substrate, and the unit-cell design is conducted under a
commercial software (CST Microwave studio). Though the
Al2O3 substrate of SOS material possesses the characteristic
of anisotropy, it does not inﬂuence the polarization property of the reﬂected light, since the unusual high-reﬂection
is caused by the magnetic resonance of dielectric nanobricks. Therefore, the light hardly passes through the
anisotropic substrate (detailed discussion about the inﬂuence of anisotropic property of the substrate can be found
in Section 3, Supplementary Material). Here, two types of
nanobricks (named as red nanobrick and green nanobrick)
are designed to have the identical sub-cell size 300 nm and
height 230 nm. Each supercell contains four sub-cells,
including one red nanobrick and three green nanobricks.
The lengths and widths of the red and green nanobricks are
different (see Methods for details about the nanobricks
design). Within the supercell, three green nanobricks have
the same orientation angle, while between different
supercells, orientation angles of nanobricks are determined by the recorded images, according to Equations (2)
and (3). In our design, the multiplexing metasurface consists of 500 × 500 pixels (300 × 300 µm2). In the near ﬁeld,
we chose a rose picture as the target image for polychromatic nanoprinting. The reason that we chose a rose
picture lies that it mainly consists of red and green colours,
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and the brightness of each colour component is continuously modulated. For another nanoprinting picture, we
design an image consisting of letters “NANO” in the centre,
and colour blocks in the background. Here, to make the
letters stand out from the background, we deﬁne two pairs
of contrasting colours, which are red corresponding to
green and yellow corresponding to black. In the far ﬁeld,
we generate an image with letters “META”, and the colours
of four letters differ. Hence, the monochromic brightness of
each letter is different to obtain different mixed colours. We
calculate the orientation angle distribution of the red and
green components separately based on the near-ﬁeld images. Then, we employ the SA algorithm to choose between
the two options pixel-by-pixel to optimize the phase proﬁle
to reconstruct the target holographic image. The whole
design ﬂowchart is illustrated in Figure 3.
The standard electron-beam lithography (EBL) is
employed to fabricate the aforementioned metasurface
sample (see more fabrication details in Methods) and
Figure 4(a) shows the scanning electron microscope (SEM)
image in partial view. For near-ﬁeld nanoprinting images,
a commercial optical microscope (Motic BA310MET-T) is
applied, as shown in Figure 4(b). Firstly, a halogen lamp is
used to generate the wide-band light, the light passes
through a bulky polarizer, which changes the incident
light’s polarization state to LP. Secondly, the LP light illuminates the metasurface sample, which reﬂects the light
and modulates the spectrum and polarization direction of

Figure 3: Design flowchart of the non-orthogonal polarization multiplexed metasurface.
We separate the red and green components of each image and the two components follow the same design procedure. Firstly, four orientation
candidates can be deduced due to the modulation function Ir1 based on the nanoprinting target 1. Secondly, according to the intensity of the
nanoprinting target 2, four orientation candidates are divided into two sets and one of them is picked. Finally, we employ the SA algorithm to
realize a two-step phase holography. The red and green components can be remixed to achieve colour mixing.
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the LP light pixel-by-pixel. After that, an analyser is
employed to modulate the intensity of the reﬂected light.
Finally, the output LP light possesses spatially varied intensity and spectrum, a commercial camera (Moticam X) is
used to capture the light after being magniﬁed by a 50×
objective. Figure 4(c) and (d) exhibits the experimental
results of the nanoprinting images in channels 1 and 2,
respectively. And the polarization directions of the polarizer and analyser for each channel are indicated on the top
by red and blue arrows, respectively. For channel 1, the
mixing of continuous-brightness red and green components forms the polychromatic meta-image. And for
channel 2, each sub-cell has only two choices: bright (red/
green) or dark (black). Therefore, there are four colours in
channel 2: red, green, black, and yellow (the mixing of red
and green). All experimentally captured images can be
seen clearly and the colours do not deviate much from the
target images.
As for holographic image, we employ a supercontinuum laser source (YSL SC-pro) to generate a laser
beam with the wavelengths of 633 nm for red and 525 nm

for green. The reason why we do not choose the wavelengths with the highest theoretical cro-pol efﬁciency is to
lower down the crosstalk between two reﬂected spectra
and reduce the unwanted zero-order light. As mentioned
above, due to the fact that two-step phase encoding results in centrosymmetric image, the polarization controlling of the laser beam in reconstruction process is
unnecessary, which signiﬁcantly simpliﬁes the optical
setup, as exhibited in Figure 4(e). Therefore, the laser
beam generated from laser source is directly and normally
incident on the metasurface sample after passing through
an iris. The metasurface reﬂects the light to a white
screen, and the holographic image is reconstructed
and can be observed on the white screen through bare
eyes. After that, we utilize a commercial camera (Nikon
D5100) to capture the reconstructed holographic image.
Figure 4(f) shows the experimentally captured picture of
the reconstructed holographic image in channel 3. The
centrosymmetric image of the letters “META” in four
different colours can be observed clearly. Here, the optical efﬁciencies (deﬁned as the ratio of the power of the

Figure 4: Experimental setups and results of the non-orthogonal polarization multiplexed metasurface.
(a) Partial view of the SEM image of the fabricated metasurface. The scale bar is 1 µm. (b) Experimental setup for capturing nanoprinting
images. (c) and (d) Experimentally captured polychromatic nanoprinting images under halogen lamp illumination in channels 1 and 2,
respectively. The scale bars are 75 µm. Red and blue arrows on the top indicate the polarization directions of the bulky polarizer and analyser,
respectively. (e) Optical path setup for holography. (f) Experimentally obtained polychromatic holographic image under laser beam
illumination.
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Figure 5: Schematic diagram of the binary encryption procedure based on VC algorithm.
(a) Six types of 2 × 2 expanded pixels, which can be used in expansion and superposition. (b) Instance of the “0” and “1” pixel's expansion and
superposition. (c) Procedure of the encryption. The encrypted image is expanded by randomly picking 2 × 2 pixels and transformed into two
binary images according to the superposition of the pixels. The two binary images are faked as QR codes by adding positioning blocks and
encoded into two wavelength channels. The decryption can be conducted under white light illumination.

generated images to the power of the incident light) at two
working wavelengths (633 and 525 nm) are measured,
which are 7.32 and 18.90% for red and green components,
respectively (details about measurement conﬁguration can
be found in Section 4, Supplementary Material). What is
noteworthy is that according to the diffraction theory, the
size of the holographic image is proportional to the wavelength. Thus, we conduct a pre-process to adjust the sizes
of the red and green components. And by this way, the red
and green components of the reconstructed holographic
image can match well with each other. In addition, the
broadband functionality and efﬁciency of the sample have

been explored (more details about broadband experiments, broadband efﬁciency measurements, and the efﬁciency analysis are included in Section 4, Supplementary
Material).

2.3 Six-image encodings and encryptions
with the proposed metasurface
To further investigate the independent record of the red and
green components of the proposed metasurface, another
metasurface sample with six independent images is
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Figure 6: Experimentally obtained results of the six independent images and the encrypted information.
(a)–(f) The captured images in channels 1 and 2 under 632.8, 532 nm, and white light illumination, respectively. The single wavelength
illumination and white light illumination are realized by inserting optical ﬁlters and a halogen lamp, respectively. Scale bars of 75 µm are
marked on all images. The red and green arrows indicate the polarization direction of polarizer and analyser, respectively. (g)–(i)
Experimentally captured holographic images under 633, 525 nm and the two wavelengths together, respectively. The illumination is realized
by a super-continuum laser source.

designed and fabricated, which includes two near-field
grayscale images, two near-field binary images, and two
holographic images. In addition, the two near-field binary
images are designed as fake QR codes to realize encryption
based on visual cryptography (VC) algorithm [56]. In the
classical VC algorithm, every pixel of the encrypted image
can be expanded and regarded as the superposition of two
2 × 2 pixels, and an example with six types of pixels is
illustrated in Figure 5(a). Pixel with the value of “0” and “1”
can be transformed into two 2 × 2 pixels picked from these

six types, as shown in Figure 5(b). Here, adding pixel1 and
pixel4, pixel2 and pixel5, pixel3 and pixel6 can form “1”,
while adding pixels and themselves can realize “0”.
Figure 5(c) exhibits the procedure of the encryption. Firstly,
“0” pixels of the encrypted image are randomly expanded to
six types of 2 × 2 pixels and the encrypted image is transformed into two images based on the scheme aforementioned. Then, three positioning blocks are added to the
images to form the fake QR codes. Finally, the two fake QR
codes are encoded into two different wavelengths. The
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Figure 7: Illustration of a unit cell of the metasurface and the simulation results.
(a) Schematic diagram of the supercell nanostructure, which includes Si nanobricks sitting on an Al2O3 substrate. (b) Reﬂectivities of the
output cro-pol and co-pol parts under CP light illumination, “r” and “g” in the parentheses indicate the red and green nanobricks, respectively.
(c) Top view of the supercell nanostructure, which consists of four sub-cells with the same sub-cell size of 300 nm. Red nanobricks have the
dimensions of 180 nm in length (Lr) and 110 nm in width (Wr). Green nanobricks have the dimensions of 100 nm in length (Lg) and 80 nm in width
(Wg). (d) Side view of the supercell nanostructure. The Silicon nanobricks layer has a ﬁxed height of 230 nm.

superposition of the two wavelengths indicates that the
decryption can be realized under white light illumination.
The experiment is conducted to verify the six-image
encoding and encryption property of the proposed metasurface. Figure 6(a)–(f) illustrates the near-ﬁeld nanoprinting images in channels 1 and 2 under 632.8, 532 nm, and
white light illumination, respectively. The narrow band
illumination is realized by inserting optical ﬁlters with the
bandwidth of 10 nm. Speciﬁcally, a lotus image, a cat image,
and two fake QR codes can be observed in the near ﬁeld. It is
obvious that the four near-ﬁeld nanoprinting images have

negligible crosstalk with each other. Under the halogen lamp
illumination, the encrypted image with the number “9” can
be revealed. Figure 6(g)–(i) shows the holographic images in
channel 3 under laser beam incidence with the wavelengths
of 633, 525 nm, and both together. All experimental results
show that the six meta-images have negligible crosstalk, and
by subtly combining the images with encryption algorithms,
information can be securely concealed and delivered. Thus,
the proposed metasurface has the property of completely
independent encoding six images and the new function of
information encryption.
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3 Conclusions

4.2 Sample fabrication

In summary, we present a non-orthogonal polarization
multiplexed metasurface for tri-channel near- and far-field
polychromatic image displays, merely with a single-layer
design approach. Our research shows that, even under
non-orthogonal polarization light illumination and limi
ted degrees of freedom of nanostructured metasurfaces,
expanding the channel numbers and colour manipulation
still can be realized with a minimalist design strategy: only
two types of nanostructures are required to form the metasurface, which can significantly reduce the difficulties of
both the design and fabrication. In another design strategy
with the same metasurface, we show that up to six independent images, including two near-field grayscale images,
two near-field binary images, and two holographic images,
can be encoded into a single metasurface. Assisted by the
VC algorithm, the aforementioned metasurface is endowed
with a new function of information encryption. Therefore,
with the advantages of ultracompactness, high-capacity,
high-security, and multifunctionality, our proposed metasurfaces can be employed to achieve information multiplexing and encryption, and have potential in the fields of
ultracompact and multi-channel image displays, optical
anti-counterfeiting, optical storage, etc.

A standard EBL process was employed to fabricate the sample on an
SOS wafer. Firstly, acetone, alcohol, and deionized water were successively used to ultrasonically clean the sample. Secondly, the conducting adhesive was evenly applied on the SOS wafer. A standard
electron beam process was employed to pattern a polymethacrylate
(PMMA) mask on the sample. Before developing the sample, the
conducting adhesive was washed away by the water. Then, as an etch
mask, a 30 nm Cr ﬁlm was deposited by a thermal evaporator, followed
by a lift-off process in hot acetone of 75 °C. After that, the reactive ion
etching (RIE) method was employed to remove the Cr-free part.
Finally, the sample was soaked in the Cr etchant for one night. Thus,
the fabrication of the sample was accomplished.
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