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Abstract: As an inherent characteristic of light, polari-
zation plays important roles in information storage,
display and even encryption. Metasurfaces, composed of
specifically designed subwavelength units in a two-
dimensional plane, offer a great convenience for polari-
zationmanipulation, yet improving their integrability and
broadband fidelity remain significant challenges. Here,
based on the combination of various subwavelength
cross-nanofins (CNs), a new type of metasurface for
multichannel hybrid polarization distribution in near-
field is proposed. Sub-wavelength CN units with various

waveplate (WP) functionalities, such as frequency-
division multiplexing WP, half-WP and quarter-WP are
implemented with high efficiency in broadband. High-
resolution grayscale image encryption, multi-image stor-
age and rapid polarization detection are demonstrated by
encoding the WP pixels into single, double and four
channels, respectively. All these applications possess
good fidelity in an ultrabroad wavelength band from 1.2 to
1.9 µm, and the high degree of integrability, easy fabri-
cation andmultifunctionmake the CN-shapedWPpixels a
promising candidate in optical device miniaturization,
quantum applications and imaging technologies.

Keywords: broadband and high-efficiency metasurface;
high-resolution grayscale image; multi-image storage;
rapid polarization detection; subwavelength waveplate
pixels.

1 Introduction

In the last decade, metasurfaces are of great interest in
optical researches [1, 2]. It offers abundant possibilities to
store, hide or encrypt information because of its powerful
capability for light manipulation. The wavelength, ampli-
tude, propagation angle, and even direction, all these pa-
rameters of light can be modulated by metasurfaces, and
meanwhile, the capacity of metadevices can be easily
enhanced by plenty of multiplexing strategies based on
these parameters [3–8]. As another fundamental nature of
light, polarization is not only a great source of information
(material properties, optical activity and quantum infor-
mation) but also a significant degree of freedom to control
light [9, 10]. Thus the polarization manipulation and mul-
tiplexing have long been hotspots in metasurface study. By
the superposition of two circularly polarized light beams
with opposite handedness based on a single metallic met-
asurface, the high-resolution grayscale images carried by
space-variant linear polarization (LP) profile can be stored
in a laser beam [11–13], which has fascinating applications
in areas such as anticounterfeiting and information
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encryption. With the high precision of the reconstructed
images, metasurface holography is another important
means for image storage [14, 15]. With the feature of less
crosstalk and multichannel, polarization multiplexing has
beenwidely utilized to enhance the capacity of holographic
metasurfaces [16–18], which holds great potential in
massive information storage and holographic data
encryption. However, in order to obtain a good image
quality and avoid cross-talk from input light, most of these
works are designed to be an off-axis configuration or
require a relatively longer diffraction distance, hence extra
space is needed in the device for data readout, which is not
compatible or difficult to integrate with the existing
photosensitive elements [19], such as charge-coupled de-
vice (CCD) or complementary metal oxide semiconductor
(CMOS), by direct on-chip manufacturing.

All-dielectric nano-waveplates (nano-WPs) exhibit
excellent capability for polarization conversion in sub-
wavelength local near-field [20]. They overcome the dis-
advantages of traditional WPs’ large volume, such that
they can be integrated with imaging sensors easily [19].
However, the potential of using nano-WPs for near-field
information manipulation, such as image encryption,
multichannel storage, has not been explored. In this
work, we propose a series of cross-nanofin (CN)-shaped

subwavelength WPs, which can serve as coding pixels to
constitute an all-silicon metasurface with multiple
hybrid polarization distributions in near-field. As the
schematic illustration shows in Figure 1(a), each nano-
scale CN unit manipulates the local polarization state
individually and functions as a specific miniaturizedWP,
such as half-waveplate (HWP), positive and negative
quarter-waveplates (±QWP), with the features of broad-
band and frequency-division multiplexing (FDM). From
Figure 1(a)–(d), the output polarization in near-field of
each subwavelength pixel can be determined by the po-
larization conversion feature of each CN, and it is
dynamically switched by tailoring the input polarization
(the number of multiplexing channels can be increased
by introducing other phase retarder pixels). These char-
acteristics enable our metasurface with the ability to
manipulate information: a high-resolution grayscale
image with pixels per inch (ppi) reaching 35,219, is stored
and encrypted in a complex near-field hybrid polariza-
tion profile generated by a combination of different types
of CN units; multiple images of alphabets or QR-codes
can be encoded in different output near-field polarization
profiles on a single metasurface by polarization multi-
plexing. Besides, such all-silicon configuration has extra
degrees of design freedom in frequency multiplexing,

Figure 1: Schematic illustrations of CN–
based metasurfaces.
(a)–(d) Dynamic modulation of hybrid
polarization distribution by switching the
input polarization among x-LP, y-LP, left
circular polarization (LCP) and right circular
polarization (RCP). From left to right, the
blue cuboid structure does not convert the
input polarization; the purple CNs function
as +QWP; the green CNs function as HWP;
the orange CNs function as −QWP. (e)
Schematic of conventional cuboid nanofin
array. (f) Schematic of CN array.
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and can be direct integration onto existing imaging sen-
sors due to its near-field manipulation, holding great
promise for information storage, rapid polarization
detection and quantum applications.

2 Design of cross-nanofin

Conventional dielectric cuboid nanofin array with HWP
functionality [21] is shown in Figure 1(e). The underlying
physics of polarization conversion is similar to birefringent
crystal. It provides a phase difference between two
orthogonally polarized wave components of transmitted
light in an ultrashort distance. The long and short axes of
nanofins are parallel to u and v axis which is rotated 45°
compared to x and y axes, therefore it’s much easier to
discuss the relationship between different polarization
components in the uOv coordinate. The transmission ma-
trix Tuv can be written as:

Tuv = ( tuu tvu
tuv tvv

) (1)

Due to the symmetry along u/v axes, there are no cross-
polarization terms which means the counter-diagonal el-
ements are zero. The intensity of tuu and tvv are both close to
1.0 because of the low loss of dielectric material, and the
phase difference can be expressed based on the effective
indices of transmission modes along the two axes:

Tuv = tuu(1 0
0 ei( nv −nu)ωz/c) (2)

Here, tvv is expressed by a phase change of tuu.
Without loss of generality, tuu can be taken as 1 to remove
the phase term, which will not cause any ambiguities in
the following analysis. The transmission matrix Txy along
x and y axis can be calculated through the rotation matrix
R(θ) in the form of:

Txy = R(−π
4
)( 1 0

0 ei( nv −nu)ωz/c )R(
π
4
)

= 1
2
( 1 + ei( nv −nu)ωz/c −1 + ei( nv −nu)ωz/c

−1 + ei( nv −nu)ωz/c 1 + ei( nv −nu)ωz/c
) (3)

which represents the property of nanofin metasurface
connecting polarized incident and transmitted light. In two
special cases, it operates as functional WPs:
(1) When nv and nu meet the following relation:

( nv − nu)ωz/z = ±( 2n + 1)π,n = 0, 1, 2,…

the metasurface plays a role of HWP that it can rotate the
linearly polarized input light with an angle of 90°, or invert

the handness of circular or elliptically polarized input light
(see Section S1 and S2, Supporting Information).
(1) When the following relation is satisfied

(nv − nu)ωz/z = ±(2n + 1)π/2,n = 0, 1, 2,…

the metasurface operates as QWP, that when the incident
light is linearly/circularly polarized, the transmitted light is
converted to circularly/linearly polarized light, respec-
tively (see Section S3, Supporting Information).

The mechanism of the interaction between light and
high-aspect ratio nanofins is high-order multi-waveguide
mode [21], and the modulation of phase difference can be
achieved by changing either the structure size (e.g., the
length of the long axis l [22]) or geometrical shapes [23, 24].
Here, in order to have an effective control of nanofins, both
size and shape are changed by combining the cuboid
nanofin with a rectangular pillar with a side length of s to
form a composite CN shape configuration, as shown in
Figure 1(f). By tailoring size s, versatile types of broadband
WPs can be implemented.

The numerical simulation and measured intensity
transmissivity spectra of different CN arrays (p = 1.2 µm,
h = 2 µm, w = 0.34 µm, l = 1.36 µm and s varies from 0 to
650 nm) are shown in Figure 2(a) and (b), and all the
different CNarrays are illuminated vertically by x-polarized
LP light. Tyx and Txx represent the transmissivity of cross-
and copolarized transmitted energy, and Tyx = |tyx|2, Txx = |
txx|2, where tyx and txx are elements of Jones matrix Tlin in
Equation (S1). The SEM images of corresponding CNswith s
varying from 0 nm (conventional cuboid nanofin) to
650 nm are shown in Figure 2(c). During the changing of s,
the variation of Tyx and Txx reveals the information of phase
difference [22], WP type, working bandwidth and efficiency
intuitively.

When s is 0 nm, the magnitude of Tyx overwhelms Txx
from 70 to 100 THz, indicating that the x-polarized incident
light is mainly converted to y-polarized light. Especially,
the x component is close to zero from 90 to 95 THz, which is
in the band named “high-efficiency HWP band” (see
Figure 2(a), from around 70 to 100 THz). With s increasing
from 0 to 500 nm, the relation between Tyx and Txx in this
“high-efficiency HWP band” remains unchanged, but it
varies in the higher frequency band from 110 to 140 THz
which is named as “functionality changing band”. This is a
valuable feature, which makes broadband FDM WP and
ultra-broadband HWP possible.

When s is 350 nm, Tyx and Txx are very close in the
“functionality changing band”, which indicates that the
QWP functionality appears in such a broad frequency band
(phase relation between tyx and txx are not shown here but
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can be proved by Poincaré spheres later), hence the CNs
possess the feature of QWP andHWP simultaneously. With
s further increasing to 500 nm, the Tyx overwhelms Txx
largely in the “functionality changing band”, where the
transmitted light is mainly y-polarized from 70 to 150 THz,
therefore an ultrabroadband HWP is generated. As s
continuously increases to 650 nm, the magnitude of Tyx
drops and Txx increases, and eventually they are closer to
each other in the entire frequency band from 70 to 150 THz,
which indicates the generation of ultra-broadband QWP
(strictly speaking, at somepointsTyx andTxx are not exactly
equal thus elliptical polarization can be get from this
QWP). In general, with the increasing of s, the functionality
of CN is transformed from HWP (0 nm) to FDM WP
(350 nm), ultra-broadband HWP (500 nm), and finally
ultra-broadband QWP (650 nm).

To further characterize the polarization conversion
performance, Poincaré spheres of three representative CNs
are presented in Figure 2(d)–(f), on which the transmission
behavior ofWPswith x-polarized incidence can be tracked.
The north/south pole of the sphere represents LCP/RCP
transmission, and the intersections between equator and
S1 axis represent x- (positive) and y- (negative) polarized

transmission. The paths on the sphere illustrate the
transmitted polarization states in the frequency range from
60 (marked as a star) to 140 THz.

2.1 FDM-CN

In the case of s = 350 nm, as shown in Figure 2(f), the WP
has three functionalities in different frequency bands—two
types of QWP and one HWP. The polarization conversion
ratio (PCR) is defined to demonstrate the efficiency of HWP
(due to structure symmetry, the conversion ability for LP
and CP wave is the same):

PCR =
⃒⃒⃒⃒
tyx

⃒⃒⃒⃒2
( ⃒⃒⃒⃒tyx ⃒⃒⃒⃒2 + |txx|2) =

|tRL|2
( |tRL|2 + |tLL|2) (4)

where tRL and tLL are elements of Jones matrix Tcirc in
Equation (S2). As shown in Figure 2(i), the high efficiency
working band of HWP where the PCR is higher than 90%
ranges from 83.4 to 102 THz in the simulated result, and
from 85.5 to 99.3 THz in the measurement.

To characterize the efficiency of QWP, the input source is
chosen to be LCP light, and the proportion of y-polarized light

Figure 2: Polarization manipulation performance of different CNs.
(a) and (b) Numerical simulated and experimentally measured intensity transmissivity spectra of different CNmetasurfaces. (c) SEM images of
CN metasurfaces with s varies from 0 to 650 nm. (d)–(f) Poincaré spheres of output light for x-polarized input of CN when s = 650, 500 and
350 nm. (g) Simulated (black dash curve) and measured (violet dash curve) proportion of y-polarized light in the transmitted field when
s = 650 nm. (h) Simulated and measured PCR of CN when s = 0 nm (dark red and light red curves) and s = 500 nm (dark green and light green
curves). (i) Simulated (black curves) and measured (orange curves) PCR (solid line) and proportion of y-polarized light in the transmitted field
(dash line) when s = 350 nm.

1508 S. Du et al.: Cross-nanofin-based waveplate pixels



in the transmitted field is calculated, as shown in Figure 2(i)
(dashed curves). From 60 to 80 THz, the incident LCP light is
mostly converted to x-polarized light (y-polarization < 10%) in
measured results, and this part is the so-called positive QWP
(+QWP) [25]. On the contrary, from 110 to 122 THz the
measured transmitted light is mainly y-polarized (y-polari-
zation > 90%), indicating a negative QWP (−QWP). The
transition between +QWP and −QWP is because of a π phase
difference, which has been explained in Section S3 of Sup-
porting Information. The path on Poincaré sphere in
Figure 2(f) also illustrates this transition clearly that when the
frequency varies from 60 to 140 THz, the polarization state of
transmitted light is transformed fromLCP (north pole) to y-LP
(negative S1 axis), and thenRCP (south pole)with x-polarized
incidence. This proves that the CN at s = 350 nm can operate
as positive QWP, HWP and negative QWP simultaneously in
different frequency bands.

2.2 HWP-CN

When s = 500 nm, the bandwidth of HWP-feature has an
obvious extension compared to that of the original nano-
fins (s = 0 nm). For comparison, the simulated and
measured PCR for both s = 0 nm and s = 500 nm are shown
in Figure 2(h). It is evident that, by introducing the addi-
tional rectangular pillar, the high efficiency working band
of HWP is greatly widened, and the band width where PCR
is higher than 90% is 2.5 times (2.6 times) wider than that of
s = 0 nm in simulated (experimental) result. The path on
Poincaré sphere in Figure 2(e) also shows that the trans-
mitted light is basically converted from x-to y-polarization
(negative S1 axis) within that band. The broadband and
high efficiency of HWP polarization conversion enables
this CN WP great potential to be a geometric phase mod-
ulation building block to construct broadband wavefront
manipulation metadevices, such as metalens, holography,
beam splitter, etc. [21, 26, 27].

2.3 QWP-CN

As far as s = 650 nm, the path on Poincaré sphere in
Figure 2(d) shows that the input x-polarized light is mostly
converted to LCP light (north pole). To further characterize
the conversion efficiency, LCP incident light is used, and
Figure 2(g) shows that there’s a high proportion of
x-polarized wave in the transmitted light. It is higher than
80% from 50 to 130 THz in both simulated and measured

results. This proves that the CN WP at s = 650 nm works as
an ultrabroadband +QWP.

In order to elucidate the underlying physics in the
process of WP type transformation, each CN is considered
as a vertically placed waveguide [23], and the field distri-
butions of CNs at 110 THz are simulated. Figure 3(a)–(c)
shows the normalized instantaneous magnetic field
strength distributions along the long axes of the CNs when
s = 0, 500 and 650 nm, respectively, which are excited by
LP wave polarized along the long axes (linear +45° polar-
ization). Besides, the magnetic field strength distributions
along the short axes are shown in Figure 3(d)–(f) which are
illuminated by LP wave polarized along the short axes
(linear −45° polarization). Different waveguide modes can
be recognized from the number of nodes in magnetic field
distribution [21, 28]. It shows that the modes in long axis of
CNs are similar (the numbers of nodes from them are
equal), while in short axis, they are quite different, indi-
cating that the additional rectangular column only has
great effects on the short axis modes. Therefore, the mod-
ulation of phase difference between the two axes is
controllable by s parameter. To further illustrate this, we
calculated the effective refractive index of long and short
axis modes [29] when s = 0, 500 and 650 nm, from 80 to
160 THz. As shown in Figure 3(g), the neff of short axis
modes increases more significantly with the increasing of s
than that of long axis modes, hence the phase difference
between the long and short axes decreases in this band. As
calculated in Figure 3(h), the decreased phase difference
when s = 500 nm maintains close to π from 80 to 130 THz,
which is much broader than that when s = 0 nm, imple-
menting the functionality of broadband HWP. When
s = 650 nm, the phase difference continues to decrease and
is close to π/2 from 80 to almost 120 THz, realizing the
functionality of QWP. Compared with the transmission in
free space, the high order transmission mode in the addi-
tional rectangular column possesses a larger neff, from
which the CNs get great capability of electromagnetic field
confinement and phase retardance, realizing the band
broadening for HWP and functionality transforming from
HWP to QWP.

In addition, compared with the conventional nanofin
structure, the CN structure allows for a larger machining
tolerance, especially for the fabrication of FDM WP, and
related contents have been added in Section S4 of Sup-
porting Information. Besides, all these types of WPs can be
implemented to different sizes or dielectric materials, to
meet the demand in different frequency regions (Section
S5, Supporting Information).
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3 Application of near-field
multichannel hybrid polarization

To demonstrate the near-field inhomogeneous distribution of
hybrid polarization in a single input polarization channel,
CNs with different s are assembled on a single metasurface.
Figure 4(a) shows the cross-polarization transmissivity Txy as
a function of size s at the wavelength of 1.55 µm, and the CNs
are scaled down to 60% of the original size in Figure 2, and
that is p = 0.72 µm, h = 1.2 µm, w = 0.204 µm, l = 0.816 and s
varies from 0 to 720 nm. The CNs possess the same polari-
zation conversion functionalities in near-infrared (NIR) re-
gion, and their transmissivity spectra are shown in Section S6
of Supporting Information. As a simple demonstration, we

reconstruct a 2-bit grayscale image of a panda (binary 00 to
11, in Figure 4(b)), and the pixels of this grayscale image are
replacedby four types of CNs (Figure 4(c) and (d)). It is hard to
figure out the details of the pattern from the SEM image
(Figure 4(c)). The local output polarization states of these four
types of CNs are shown in Figure 4(a) with y-LP input, and
when the sample is observed in NIR (Figure 4(e)), the non-
polarized or copolarized transmittedfield (Figure 4(f) and (g))
cannot reveal the details of the image. The pattern of panda
can only be decrypted in the cross-polarized transmitted field
(Figure 4(h)), where the light intensity of those four polari-
zation pixels corresponds to 11, 10, 01 and 00, respectively.
The decrypted picture retains all the details compared with
the original image, such as panda’s tongue, teeth and eyes.
Theoretically, the gray-level of encrypted images can bemore

Figure 3: Underlying physics in the process of WP type transformation.
(a)–(c)/(d)–(f) Simulated instantaneous magnetic field strength distributions along the long/short axes of the CNs when s = 0, 500 and
650 nm, respectively. (g) Simulated effective refractive index of polarized incidence along long and short axes when s=0, 500 and 650 nm. (h)
Calculated phase difference between long and short axes when s = 0, 500 and 650 nm.
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finely divided, but for a convenient design, we only divide it
into four levels. That may degrade the image quality, but
should be enough for principle illustration. Besides, due to
the broadband feature of CNs, the grayscale image is
observed in a broad working band from 1.2 to 1.9 µm with
good fidelity. The subwavelength polarization distribution
also enables the recorded imagewithhigh resolution, and the
size of each pixel in NIR region is 0.7 µm, which is much
smaller than the size of CCD pixel (typically 10–20 µm).

Meanwhile, the encrypted information can also be read
out in visible band. When the sample is observed under the
microscope, as shown in Figure 4(i), the information of
image cannot be decrypted by bright-field (Figure 4(j)), but
when the directly transmitted light is blocked, the details of
panda jump out as Figure 4(h) displays. It should be noted
that this intensity profile comes from the higher-order

diffraction by the tiny difference of CNs with different s,
instead of polarization conversion [30].

As demonstrated in Figure 1(a), the output near-field
polarization state of a certain CN unit can be varied by
changing the input polarization, which enables the dy-
namic control of the polarization distribution. In the
application of grayscale image encryption, only one po-
larization distribution (cross-polarization) was used to
carry the predesigned information. By selecting the CNs
with special functionalities, another polarization distri-
bution of copolarized transmitted light can also serve as an
information channel. The CNs in Figure 2(d) to (f) have
excellent polarization conversion capabilities, and they
function as +QWP, HWP and −QWP, respectively, in
broadband. Figure 5(a) shows the ellipticity (S3/S0 from
Stokes parameters) [25] of these three kinds of CNs (scaled

Figure 4: Single-channel image storage for high-resolution grayscale image encryption.
(a) Simulated cross-polarization transmissivities (Txy) of CNs with different s, and the local output polarization of four types of CNs in (d) are
alsomarked. (b)Original 2-bit grayscale imageof a panda. (c) SEM image of encryptedmetasurface, and it is composedof four kinds of CNs. (d)
Enlarged SEM images of the encrypted metasurface in (c), and there are four kinds of CNs in this region. The numbers on the images
demonstrate the 00, 01, 10 and 11 grayscale values of the corresponding pixels. (e) Experimental setup to characterize the encrypted image in
the band from 1.2 to 1.9 µm. (f)–(h) Infrared microscopic images of the encrypted metasurface observed by unpolarized transmission light,
copolarized transmission light and cross-polarized transmission light. (i) Picture of microscope operating in visible band. (j) and (k) Dark-field
and bright-field microscopic images of the encrypted metasurface observed in visible band.

S. Du et al.: Cross-nanofin-based waveplate pixels 1511



down to 60% from CNs with s = 350, 500 and 650 nm for
NIR). When the ellipticity equals to 1/−1, LP input can be
perfectly converted to LCP/RCP output and vice versa, and
when ellipticity is 0, the output is orthogonal polarization.
In the range from 1.5 to 1.9 µm, these CNs can convert input
x-LP light to RCP (with ellipticity ranges from 0.65 to 0.97),
y-LP (with ellipticity ranges from −0.09 to 0.25) and LCP
(with ellipticity ranges from −1 to −0.41). When these states
of polarization are observed by an x-analyzer, the relative
brightness of output light intensity are half-bright, black
and half-bright. Meanwhile, when they are observed by
y-analyzer, the intensities are half-bright, bright and half-
bright. If bright/half-bright is taken as 1 and black as 0,
three coding tables can be constructed (depicted in
Figure 5(b)–(d)). Any one of the three tables constitutes a
complete set, which can be used to encode two mutually
independent images on a single metasurface. The pixel
Empty represents blank pixel without CN whose states of
output polarization are consistent with input light, and the
pixel Metal represents opaque metal square, which can
block the light and output 0.

The schematic in the middle of Figure 5(e) exhibits the
encoding scheme of double channels storage for two inde-
pendent images of letter “X” and “Y” on a singlemetasurface.

Different color areas in the schematic represent different
kinds of pixels in the code table of Figure 5(c). The left and
right images of Figure 5(e) are the stored images read out by
copolarization (x-LP input) and cross-polarization (y-LP
input) transmitted setup in a broadband from 1.2 to 1.9 µm,
respectively. The hybrid output polarizations are marked on
these two intensity images. It can be found that the states of
polarization on two output channels are orthogonal, which
can largely avoid the cross-talk between channels. As well as
the grayscale image encryption, the stored images here also
have high resolution. Their ppi reaches 35,219, which is far
more than that of typical printer (300–1440 ppi). Figure 5(f) is
another example showing that two distinct high-resolution
(1000 × 1000) QR codes can be simultaneously stored in an
area less than 0.5 square millimeter.

The above realization of double channels image stor-
age only requires two kinds of CNs, and by introducing
more types of CNs into the metasurface construction, the
number of storage channel can be further extended. By
using all the three types of CNs in Figure 5(a), four channels
storage is implemented, which can be used for rapid po-
larization detection. As demonstrated in Figure 5(e), the
letters (“X”/“Y”) after x-analyzer represent the linear input
polarization type, and with the increasing of the channel

Figure 5: Double channels image storage.
(a) Simulated ellipticity of three kinds of
CNs. (b)–(d) Encoding tables of double
channels image storage. (e) Images of letter
“X” and “Y” are encoded on a single
metasurface, and they can be read by co-
and cross-polarization transmission light,
respectively. The output states in the
polarization distributions of the red dotted
box areas in the middle schematic
illustration are marked in the left and right
sides of (e). (f) Images of two completely
different QR codes that are encoded on
different channels on a single metasurface,
and they can be read by co- and cross-
polarization, respectively.
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number, more states of input polarization can be distin-
guished. Here, a method for the detection of four input
polarization states (LCP, RCP, x-LP and y-LP) is proposed.
The schematic diagram of constructed metasurface is
shown in Figure 6(a). When the input polarization varies
from LCP to y-LP, RCP and finally x-LP, the image after
x-analyzer changes from letter “A” to “B”, “C” and finally
“D” (Figure 6(b)). Conventional method for detecting these
four polarization states requires two steps by using a
polarizer and a QWP. Compared with that, our strategy can
be faster andmore convenient, since the input polarization
can be distinguished by visual inspection in one step
immediately.

Moreover, because of the FDM feature of CNs, the
wavelength of input light can be another degree of freedom
for the output hybrid polarization manipulation. When the
ellipticity of CNs in Figure 5(a) are calculated to the
wavelength of 2.9 µm (Section S7, Supporting Information),
these three CNs almost all work as HWP at 2 µm, and +QWP
at 2.75 µm. Figure 6(b) gives the output image variation
from wavelength around 1.55 µm (“A”, “B”, “C”, “D”) to
2 µm (“B”, “B”, “C”, “η”), finally to 2.75 µm (“B”, “B”, none,
“B”). If CNs are designed in visible wavelength, this char-
acteristic can be further studied for color image coding and
encryption.

4 Conclusion

In summary, we propose a new type of metasurface for
generating multichannel hybrid polarization distribution
in near-field. The units of our metasurfaces are cross-
nanofin-shaped nano-WPs, which function as HWP,
±QWP, FDMWP or other retarders. The coding of these WP

pixels enables multiple operation channels, where high-
resolution grayscale image encryption, multi-image stor-
age, or rapid polarization detection can be implemented by
a single metasurface with broadband fidelity and high ef-
ficiency. The features of broadband, near-fieldmodulation,
polarization-/frequency-multiplexing and COMS compat-
ible single layer manufacturing enrich the technology of
metadevice design, and provide our CN coding pixels an
enormous potential for further applications in imaging,
polarization detection, quantum computing and commu-
nication. For example, interferences of multiphoton
quantum state have been demonstrated through all-
dielectric metasurface [31], and our CNs provide more
flexible polarization controlling for quantum projection.

5 Materials and methods

5.1 Simulation

The numerical simulations are mainly performed by using three-
dimensional finite difference time-domain (FDTD). The periodic
boundary condition and perfectly matched layer are employed for the
horizontal (x- and y-) and vertical (z-) directions in the simulation,
respectively. The magnetic field distributions are simulated by finite
integral technique, and the dielectric constant of silicon is taken from
Palik model.

5.2 Optical Characterization

The measured transmissivities are obtained by the Fourier-transform
infrared spectrometer (Vertex 80, Bruker) coupled with a confocal
microscope (Hyperion 2000 IR). The infrared microscope pictures are
shot by commercial infrared camera, MicronViewer MODEL 7290A.
The bright/dark-field pictures are shot by commercial microscope,
OLYMPUS MX50.

Figure 6: Four channels image storage for
rapid polarization detection.
(a) Schematic diagram of CNs arrangement
for four input polarization states detection.
(b) Simulated x-component field
distributions from four polarization states
input at three frequencies.
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5.3 Nanofabrication

By using simple planar processes, the 2D patterns of cross-nanofins
are directly defined on the commercial silicon wafer by electron
beam lithography, and then by inductively coupled plasma reactive
ion etching (ICP-RIE) process, the uncovered silicon areas are
etched.
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