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Ultraviolet Metasurfaces of ~80% Efficiency with
Antiferromagnetic Resonances for Optical Vectorial

Anti-Counterfeiting

Kun Huang, Jie Deng, Hai Sheng Leong, Sherry Lee Koon Yap, Ren Bin Yang,

Jinghua Teng, and Hong Liu*

Metasurfaces enable the full control of electromagnetic waves over a wide
spectrum. High-efficiency transmissive metasurfaces have been
demonstrated up to the visible frequencies by using dielectrics. However,
extending the operating spectrum to the ultraviolet range is challenging. This
is due to the strong absorption in typical dielectric materials and the
inexhaustive understanding of the magnetic resonances in dielectric
nanostructures. Here, a large-bandgap material—niobium pentoxide
(Nb,Os)—is introduced to engineer the ultraviolet geometric meta-holograms
to achieve a total efficiency of 79.6% at 355 nm wavelength. The employed
orientation-varying nanobricks, operating as miniaturized half-waveplates
(HWPs), are elaborately designed to excite the antiferromagnetic modes that
maintain E, component of the incident light via even antiparallel magnetic
dipoles (AMDs) but reverse E, component via odd AMDs, thereby unveiling
the underlying mechanism of dielectric nano-HWPs. By adding the
polarization degree of freedom, an ultra-channel meta-hologram, multiplexing
two orthogonal spin channels while exhibiting three outputs, is demonstrated
experimentally for ultraviolet vectorial anti-counterfeiting. This work might
open the door toward high-performance ultraviolet nanophotonics and

their traditional counterparts, they also
possess some unprecedented properties
such as polarization sensitivity"®”! and
nonlinear effects.’®19  High-efficiency
manipulation of light is the corner-
stone of many potential applications of
metasurfaces. Metal-based metasurfaces
which rely on plasmonic resonances can
achieve an efficiency of ~80% in the
visible and near-infrared ranges®?? in
the reflective mode. In the transmission
mode, however—the preferred mode
in many devices and systems—these
metasurfaces have a low transmission
efficiency.%?? In contrast, the low-
loss dielectric metasurfaces employing
magnetic resonances!’>?? are promising
candidates. Silicon metasurfaces have an
efficiency of =~80% to 90% in the near-
infrared range,?¥ while titanium oxide
(Ti0,),2! gallium nitride (GaN),?* and
silicon nitride (Si;N4)® metasurfaces

meta-optics.

1. Introduction

As subwavelength-pixel diffractive optical elements, metasur-
faces could tailor the phase and amplitude of the reflected
and transmitted light by tuning the geometry of structures.!'””!
Not only do metadevices such as meta-holograms,® 1% meta-
lenses,'' and metagratings!"® realize the functionalities of
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have outstanding performance at the
visible wavelengths.

Hitherto, the reported ultraviolet meta-
surfaces suffer from low efficiency as
they pose rigorous requirements on material properties such
as low loss, high refractive index, and manufacturability of
nano-patterning in ultra-small pixel pitches. Photon-sieve
holograms®®l perforated in metal films have been reported at
ultraviolet wavelengths,?”! but the low efficiency restricts their
general applications. Due to the small bandgap, silicon-based
ultraviolet metasurfaces!?®l have experimental efficiencies below
30%. Therefore, developing a novel material platform would

enable metasurfaces to contribute to the ultraviolet region.?’
Moreover, although both electric and magnetic resonances
could be observed in dielectric nanostructures,®” their roles in
tailoring optical properties of some structures have not been
investigated comprehensively. Taking the dielectric geometric
metasurfaces, for example, magnetic multipole resonances?!l
dominate the orientation-varying nanofins, functioning as
nanoscale half-waveplates (HWPs),'! which could modulate the
geometric phase of circularly polarized (CP) transmitted light.
In principle, the magnetic multipolar interference can be used
to describe the electromagnetic scattering of nanostructures®!
but it cannot provide a clear explanation about the phase delay of

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.lpr-journal.org

a Electromagnetic Spectrum b
Infrared| Visible _ Ultraviolet

— 2.8 r — 0.8
w1 s5———————————001
¥l 26 20 {06
Z 0- = 2.35\\\0.005 =
£ T 24 104 =
> 11 22 0 —
2 5 2.2 0 360 370 380 390 400 0.2
5
€ 34 N . . . 0
,g, 300 500 700 900
a 44 Wavelength (nm)

A

e
0.8 1
0.7 - 0.8 o
gg 'g 0.6 : “Co-polarization
0.4 g 0.4 "aag:ross-polarization
c “"e
83 £ 02 %%““%Q%%

0 it
300 350 400 450 500 550

00
300 350 400 450 500 Wavelength (nm)

H (nm)

Figure 1. Nb,Os-based metasurfaces. a) The bandgap diagram of silicon (Si), titanium dioxide (TiO3), and niobium pentoxide (Nb,Os) at infrared,
visible, and ultraviolet spectra, respectively. The potentials are with respect to normal hydrogen electrode (NHE). The conduction (CB) and valence
bands (VB) of electron in materials are sketched by colored curves. b) Measured complex refractive index of our ALD-grown Nb,Os film. c) Sketch of a
cell unit with the dimension of p, = p, = 250 nm. The Nb,Os nanobrick with a rotation angle of 6 is located on a quartz substrate and used to convert

the incident circular polarization into the transmitted cross-polarization with efficiency 5 and an additional phase modulation of e2?. d) Simulated
conversion efficiency n for nanobricks with a fixed width of 70 nm and various heights H and lengths L. The peak efficiency of *83% is located at W =
70 nm, H = 430 nm, and L = 150 nm. The simulation is carried out in FDTD by using the measured refractive index in (b). e) Broadband response of
the optimized nano-brick array. In the transmitted light, the efficiency values are shown by addressing the co-polarization and cross-polarization parts

relative to incident polarization. The co-polarization transmitted light has no phase modulation.

7 between two orthogonal components of the incident electric
field.

To address these challenges, we develop dielectric geometric
metasurfaces at the ultraviolet wavelengths by employing Nb,Os
nanobricks that are designed to support the antiferromagnetic
resonances. Theoretically, we find that antiferromagnetic modes
with even and odd antiparallel magnetic dipoles (AMDs) are
induced by x- and y-components of the incident circular polariza-
tion light, respectively. The even AMDs can maintain the electric
vectors of light at the input and output planes of nanobricks,
while the odd AMDs inverse both electrical vectors, thus realiz-
ing the polarization conversion between two spins. Due to the
large bandgap and high refractive index, a conversion efficiency
of =83% is predicted to convert the incident circular polarization
light into the transmitted cross-polarized light via Nb,Os-based
geometric metasurfaces operating at the wavelength of 355 nm.
A transmissive meta-hologram has been demonstrated exper-
imentally with a total efficiency as high as 79.6% and a large
angle of view of =64°. As a proof-of-concept demonstration of
ultraviolet vectorial anti-counterfeiting, we design and fabricate
an ultra-channel meta-hologram that encodes two spin channel
sparse holograms while generating three different images with
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polarization features. This provides a new approach for optical
encryption and security.

2. Results and Discussion

2.1. Material Platform

Nb,Os has a bandgap of =3.65 eV (see Figure 1a), which is
~0.45 and ~2.55 eV higher than TiO, and silicon, respectively. Its
relatively large bandgap determines that Nb,Os exhibits a wide
transparency window spanning the ultraviolet, visible, and in-
frared regions.?! The intriguing properties of high-permittivity
and low-absorption enable many applications in solar cells®* and
light-emitting-diodes.?¥ Moreover, the Nb,Os films can be man-
ufactured by general deposition techniques and synthesized into
various shapes.?? In this work, atomic layer deposition (ALD)
method® is employed to prepare the amorphous Nb,Os at a
temperature of 90 °C. This temperature is purposely chosen to
be below the glass-liquid transition temperature of the electron
beam lithography resist to ensure high-fidelity pattern transfer.
The as-grown Nb, Os film has a refractive index of 2.2 (Re(n)), and
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a negligible extinction ratio (Im(n)) at the ultraviolet wavelengths
ranging from 350 to 400 nm (Figure 1b). The refractive index and
the extinction ratio were measured with an ellipsometer.

2.2. Metasurface Design

Figure 1c sketches one unit cell of the orientation-rotating
Nb,Os nanobricks on quartz. For the left-handed CP light of
incidence, one part of its transmitted light is converted into
the right-handed circular polarization and simultaneously
obtains an additional phase that is twice of the rotation angle
6. The simulation is implemented by using the finite-difference
time-domain method in a commercial software, Lumerical. The
computational area is set to be 250 x 250 x 2000 nm in x, y, and
z directions, respectively. To investigate the optical response of
the periodic nanostructures, periodic boundary conditions are
employed along the x and y directions, while perfectly matched
layers are used along the z directions to eliminate the unwanted
reflections from the top and bottom of the calculation window.
To fully map the conversion efficiency over different geometry of
the nanobricks, an algorithm was developed to re-call the main
program by changing the geometric parameters of nanobricks in
every loop. Considering the fabrication limits, we set the width
of nanobrick to be W = 70 nm, which is achievable with our
electron-beam lithography (EBL). Figure 1d shows the simulated
efficiency with the length varying from 100 to 220 nm and the
height from 300 to 500 nm. The simulated efficiency is calculated
by using the ratio of the transmitted light with cross polarization
to the total incident light. It can be seen that the peak efficiency
of =~83% is attainable with L = 150 nm and H = 430 nm. In
addition, the neighboring geometries also exhibit an efficiency of
>80%, thereby allowing a large tolerance to the fabrication error.

Figure 1e shows the simulated efficiency at wavelengths from
300 to 550 nm. The efficiency of the transmitted light with cross-
polarization is ~80% near the designed wavelengths of 355 nm
and decreases as the wavelength deviates. For the efficiency larger
than 50%, the simulated bandwidth is =60 nm ranging from
340 to 400 nm. In addition, the total transmission (including co-
polarization and cross-polarization light) is above 80% when the
wavelength is larger than 350 nm, which implies that the Nb,Os
nanostructures with an optimized geometry could also work as
high-efficiency visible light metasurfaces.

2.3. Antiferromagnetic Resonances

For transmissive geometric metasurfaces, realizing high con-
version efficiency requires two conditions: high transmission
of both electric fields and phase delay of 7 between the or-
thogonal electric field components. It has been reported that
both electric and magnetic responses must simultaneously exist
in the meta-structures for realizing high transmission.?¥ In
the dielectric nanostructures where the electric currents are
absent, the electromagnetic resonances come from the electric
displacement currents and their induced magnetic fields, which
therefore hold promise for high transmission through their
interference or coupling.
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To unveil the mechanism behind the phase delay of 7, we
introduce the antiferromagnetic resonances, where a series of
staggered magnetic dipole modes are excited with antiparallel
orientations. This antiferromagnetic resonance mode usually
exists in layered magnetic structures®” that are used for in-
formation storage. This mode is also investigated to probe the
connection between antiferromagnetic spintronics and topologi-
cal structures.33 Recently, 1D antiferromagnetic chain has also
been observed in other artificially engineered structures such as
the plasmonic nanodisk array*” and hybrid metamaterials.[*!*
To show its role in our case, we investigate both electric and mag-
netic fields resonating in the optimal nanobrick (see Figure 2a,b).
For the E, component, its induced electric fields contain four
circle displacement currents with alternative clockwise and
anti-clockwise directions, which are aligned to four AMDs that
are vertically located along the z axis. In these antiferromagnetic
modes, the even circle currents orientate both electric vectors
of light at the incident (bottom) and output (top) ends of the
nanobrick in the same direction (see Figure 2a). It implies
that the x-component of the incident CP light is maintained
after passing through nanobricks. However, for E, component,
an antiferromagnetic mode with three AMDs is induced, so
that these odd circle displacement currents make the electric
vector of the transmitted light inverse to that of incident light
(Figure 2b), indicating a phase delay of 7. Thus, the transmitted
light has its polarization completely orthogonal to the incident
light, manifesting a high-efficiency polarization conversion.

Two coupling effects dominate the interaction between the
nanobricks and the antiferromagnetic modes. The first coupling
arises from the fact that, the dimension of nanobricks determines
the number of the magnetic dipoles existing in each antiferro-
magnetic mode induced by E,- or E,-component. The long axis
(x-axis in Figure 2b) of the nanobricks allows these x-orientated
magnetic dipoles to oscillate in a large volume. Contrarily, a mag-
netic dipole oscillating along the y axis (Figure 2a) has a small
volume, which is constrained by the 70 nm width. Since the ge-
ometry of nanobricks are fixed, the number of x-orientated mag-
netic dipoles (Figure 2b) is 1 less than that of y-orientated mag-
netic dipoles (Figure 2a). Consequently, the even and odd AMDs,
oscillating along the x and y axes respectively, are excited simul-
taneously for the polarization conversion. Second, the magnetic
dipole coupling in an antiferromagnetic mode influences the
weight of every dipole. The dipole-coupled method (see Section
S1, Supporting Information) is used here to calculate their cou-
pling weights. Using the AMDs induced by the single-ring dis-
placement currents, we mimic the antiferromagnetic modes (Fig-
ures 2¢,d), where each dipole has a different weight. As expected,
the even (odd) dipole modes maintain (reverse) the electric vector
of the incident light, which provides a theoretical proof for the
antiferromagnetic resonances existing in dielectric nanobricks.

2.4. High-Efficiency Ultraviolet Meta-Holograms

To validate the efficiency, a meta-hologram as sketched in
Figure 3a is proposed to modulate the cross-polarized trans-
mitted light with a position-dependent phase (Figure 3b) for
reconstructing a “rabbit” image (Figure 3c) at 355 nm wave-
length. The proposed meta-hologram is a Fresnel hologram that
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Figure 2. Optical antiferromagnetic resonances in geometric metasurfaces. a,b) Total electric (E) and magnetic (H) fields existing in the optimized
nanobrick when it is excited by x-polarized (a) and y-polarized (b) incident light. The vector profiles of induced electric and magnetic fields are distin-
guished by using the red lines and green arrows, respectively. The white rectangles denote the boundaries of nanobrick. The vertically staggered magnetic
dipole moments in an anti-parallel alignment, that is, anti-ferromagnetic modes, are excited and confined within the nanobrick. The anti-ferromagnetic
modes with even (a) and odd (b) dipole moments are induced by E, and E, components of the incident light, respectively. The insets show the simplified
sketches of two antiferromagnetic modes. c,d) The antiferromagnetic modes composed of the odd (c) and even (d) anti-parallel magnetic dipoles that
are induced by single-ring currents (taken as the approximation of optically induced volume currents in (a,b)). The vectors of single-ring currents are
represented by 3D red arrows. The coupling weight of every magnetic dipole is calculated by using the dipole-couple method. To simplify our simulation,

all the single-ring currents have the same radius of 430 nm/(2N), where N is the number of magnetic dipoles.

has its imaging plane located at the meso-field of 300 pm, as
shown in Figure 3a. An accurate simulation of its propagation in
free space can be implemented by using Rayleigh—Sommerfeld
diffraction integral, which is realized by using our developed
method based on the fast Fourier transform.*¥ This numerical
Rayleigh—Sommerfeld diffraction shows a better accuracy than
the angular spectrum method, in which the evanescent frequen-
cies contained in the metasurface-modulated optical fields are
dropped and therefore lead to inevitable errors. To design the
hologram, a modified Gerchberg-Saxton (GS) algorithm?! is
used to determine the required phase (Figure 3b) for recon-
structing a “rabbit” image in Figure 3c. To avoid the diffraction
loss, the designed phase is discretized into 16 levels (with a
phase value ¢, = 2r1/16 at the level n), which correspond to the
nanobrick with an angle 6 = ¢, /2. In addition, we have to point
out that the speckles in the simulated image can be suppressed
by increasing the total size of meta-hologram (see Section S6,
Supporting Information), which will be difficult to fabricate.
Experimentally, the hologram is fabricated by using the
electron beam lithography and ALD technique (see Section S2,
Supporting Information). Figure 2d shows its scanning electron
microscope (SEM) images with nearly-vertical side walls, indicat-
ing a precisely patterned device. More SEM images with larger
field of view can be found in Figure S3, Supporting Information.
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The experimental setup is built in a confocal microscope (see
Section 3, Supporting Information). A weakly focused CP light
is used to increase the incident power on the hologram, and
its transmitted light is collected by an objective lens and then
recorded by a charge-coupled device (CCD) camera, without
using polarization analyzer. Figure 3e displays the captured
image with a clear contour and high signal-to-noise ratio. The
image is also immune to twin image and high-order diffractions.
The root-mean-square error (RMSE) between the experimental
and ideal image is calculated to be ~32.3%, which has the
deviation with the simulated value of 11.6%. This discrepancy
might be caused by the inevitable fabrication error and the
weakly focused incident beam with a Gaussian profile that
differentiates from the theoretical assumption of a uniformly
distributed plane wave. In addition, a quantitative comparison
between the experimental and simulated line-scanning intensity
profiles is shown in Figure 3f, indicating a similar contour.

To determine its total efficiency, we experimentally take the
light shining within the hologram area of 100 x 100 um as the
total incidence (Ii,). The output (o) is evaluated by the power
encircled only in the “rabbit” pattern, excluding any background
noise(see Section 4, Supporting Information). Considering that
our hologram has an imaging plane of z = 300 um, the image
power cannot be measured directly by using a power meter. In
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Figure 3. Ultraviolet meta-hologram. a) Working principle of this meta-hologram converting the left-handed circular polarized light into the right-handed
one and reconstructing a holographic image at a distance of z =300 pm. The circular arrows represent the left- (before the hologram) and right-handed
(after the hologram) CP light, respectively. b) The designed phase profile with a size of 100 x 100 pm and pixel pitch of 250 x 250 nm. The lines AA’
and BB’ denote the locations of line-scanning intensity profiles for data analysis. c) Simulated holographic image with a pattern of “rabbit,” whose ideal
image is shown in the inset. Scale bar: 10 pm. d) SEM images of our fabricated samples with top (upper) and tilting (lower, 60) view. Scale bar: 500 nm.
e) Captured holographic image by CCD camera. Scale bar: 10 ym. f) Simulated and measured 1D intensity profiles along the lines with their locations
denoted by AA’ and BB’ in (c) and (e). g) Simulated and measured efficiency at different incident angles ranging from 0° to 60°. Due to the sufficient
phase level of 16, all the modulated cross-polarized light is considered to contribute to the holographic image. Therefore, the simulation data (solid
curve) obtained directly from FDTD calculations can be taken as the theoretical total efficiency. The simulated efficiency by FDTD is obtained by changing
the angle between the optical axis (z-axis) and the wave vector of incident CP light. The inset shows the sketch of realizing the oblique incidence by tilting
the hologram. h) RMSEs of images between the normal and oblique incidence. Simulated RMSEs are represented by red dots and fitted by a solid curve
while experimental results are shown by encircled asterisks. The insets shows several experimentally captured images taken under incidence angles with

an interval of 6°.

our experiment, the intensity profiles of incident light and the
holographic image are captured in gray scale by using a CCD
camera, without any data saturation for avoiding experimental
error of the intensity recording. The experimental ratio Lo/l
is measured as high as 80.8%. In order to remove the contribu-
tion from the co-polarized light, the ratio of the cross-polarization
part to the co-polarized one in the transmitted light is experimen-
tally measured with a value of 16. Considering that only one part
(i.e., 23.34%) of the co-polarized light is encircled in the rabbit
pattern, we can mathematically derive the contribution from the
co-polarized light, which is calculated as 1.2%. Thus, the total effi-
ciency from the purely cross-polarized light is 79.6%. To the best
of our knowledge, it is the highest efficiency in the ultraviolet
metasurfaces ever reported and comparable to those for metade-
vices at the visible and infrared wavelengths.®%2?]

Conversion efficiency and image quality of this hologram are
investigated under oblique illumination. The oblique incidence
is realized by tilting the sample that is fixed onto a rotation mount
for recording the angle « (see the inset in Figure 3g). After remov-
ing the contribution from the co-polarized light, the measured
results in Figure 3g have a good agreement with the simulated

Laser Photonics Rev. 2019, 1800289

1800289 (5 of 9)

ones. The efficiency decreases with the increasing «, which
originates from the reduction of z-component of the wave-vector
and the enlarged reflection from the sample substrate. Similarly,
the uniformity and shape of the holographic images deteriorate
upon increasing «, as observed in Figure S5, Supporting Infor-
mation. To evaluate its fidelity, the RMSEs of the images taken
under the oblique and normal illuminations are calculated and
plotted in Figure 4c, where both RMSEs agree well. It shows that
the image fidelity deteriorates when RMSE increases with the in-
cidence angle a. We note that the image pattern at « = 32° is still
distinguishable, which implies a large angle of view of 64° x 64°.

2.5. Ultraviolet Vectorial Anti-Counterfeiting

Traditionally, optical holographic anti-counterfeiting devices by
using microstructures cannot respond to the polarization of ul-
traviolet light. To enhance the security level via polarization, we
design an ultra-channel meta-hologram consisting of two orthog-
onal channels that could encode two spin-dependent sparse holo-
grams (see Figure 4a), sharing a square-shaped aperture.?”) Upon
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Figure 4. Ultra-channel meta-holograms. a) Sketch of ultra-channel hologram composed of two sparse meta-holograms sharing a square aperture of
100 x 100 ym. The nanobricks in both sparse meta-holograms are randomly distributed. The sparse meta-holograms 1 and 2 operate for right- and
left-handed circular polarizations and generate two complementary images of “girl” and “snake” at a target cut plane of z= 200 pm from the hologram
plane. b) Combined phase profiles encoded in both sparse meta-holograms. c) SEM images of our fabricated hologram in top (left) and tilting (right)
view. d) Measured holographic images under different polarization analyzers. The insets at the bottom-left corner display their ideal images. The third
image with a linear polarization analyzer is the contour of a “trophy”. e) Experimental Stokes parameter S3 of transmitted image under linear polarization
illumination. It confirms the opposite handedness of “girl” and “snake” patterns.

linear polarization illumination, we can obtain three different
polarization-dependent images, that is, “girl” (left-handedness),
“snake” (right-handedness), and “trophy” (linear polarization).
These vector-encoded images exhibit more information than the
traditional holographic anti-counterfeiting featured by only one
scalar image. To demonstrate the proof-of-concept, we design the
phase profiles (Figure 4b) of two sparse holograms by following
the GS algorithms and experimentally realize them by using the
Nb,Os nanobricks (see their SEMs in Figure 4c). Figure 4d shows
the measured images under the different polarization analyzers.
For a linear polarization analyzer, the “trophy” pattern is the vec-
torial mixture of the “girl” and “snake” patterns that can be ob-
served from its spin image (Figure 4e) characterized by the Stokes
parameter S3(E[IRCP — ILCP]/[IRCP + ILCP][‘M]), where IRCP and ILCP
are the intensity from the right-handed and left-handed compo-
nents, respectively. Such a vector-featured image is not achiev-
able in traditional anti-counterfeiting and enables strong anti-
conterfeit protection due to its complexity and the difficulty in
duplicating the random design at the nanoscale. Compared with
the traditional holographic anti-counterfeiting technique that can
only encode a scalar picture of the “trophy,” the vectorial anti-
counterfeiting realizes data encoding by the “trophy” picture as
well as their polarization profiles of two subpictures (i.e., “snake”
and “girl”). It means that the correct information encoded in the
vectorial anti-counterfeiting is a vector “trophy,” thereby provid-
ing an additional dimension of polarization for increasing the
security of the encrypted data.
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To distinguish the vectorial features of the image in real ap-
plications, one can also shine a polarization-tunable beam onto
this ultra-channel hologram. If the incident light is elliptically
polarized (i.e., sinae,+ since,) as sketched in Figure 5a, one
can observe an image of a mixture of the “gir]” and “snake”
patterns with their weights dependent on incident polarization.
Figure 5b displays the experimentally captured images by
addressing the parameter . The gradual variation among three
images confirms the vectorial feature, which is desired in this
anti-counterfeiting technology.

In addition, through calculating the intensity encircled in
“girl” and “snake” areas of these experimental images, we can
indirectly derive the ratio y = Ircp/Iicp, Where Igcp and Ijcp are
the power of the right-handed and left-handed components of
the incident light, respectively. Figure 5c shows the theoretical
and experimental ratios, where the slight derivations under the
CP (¢ = 7 /4 or 37 /4) illumination is caused by the inevitable
background noise from the transmitted co-polarized light. It
arises mainly from the transmitted co-polarized light and the
environmental radiation, which generate the undesired but
inevitable background noise. Similarly, the Stokes parameter S;
(=1[1 = y]/[1 + y)) of the incident light could also be obtained,
as shown in Figure 5d, which manifests the handedness of the
incident elliptical polarization light. Moreover, the total efficiency
of this ultra-channel hologram is measured as high as 78.5%,
indicating the robust performance of this Nb,Os platform in
developing functionalized nanodevices. A detailed introduction
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Figure 5. Optical vectorial anti-counterfeiting. a) Sketch for the demonstration of optical vectorial anti-counterfeiting. The elliptical polarization is con-
trolled by using a linear polarizer and a quarter-waveplate, where « denotes the angle between the transmission axis of linear polarizer and the fast

axis of quarter waveplate. b) Experimentally captured holographic images by addressing the angle « (labeled in white).

c) The theoretical (curve) and

experimental (dots) ratios y = Ircp/lLcp, and d) Stokes parameter S3, in incident light.

about characterizing vectorial anti-counterfeiting can be found
in Section 5, Supporting Information.

2.6. Discussions

The significance of our work is fourfold from the perspective
of the high-efficiency ultraviolet metasurfaces. First, Nb,Os can
be integrated into photonic systems with the help of mature
nanofabrication technology and our results affirm its feasibility
in developing ultraviolet nanophotonics. Second, Nb,Os exhibits
a broader transparency window in the electromagnetic spectrum
than TiO, and Si, thus allowing the development of planar nan-
odevices in the ultraviolet, visible, and infrared spectrums. Third,
our transmissive metadevice confirms the possibilities to pro-
mote the miniaturization and planarization of other traditional
ultraviolet bulky elements such as lenses and waveplates, thereby
benefiting the potential applications of lithography and anti-
counterfeiting at the spectrum of 350-400 nm. Finally, differing
from the birefringent effects in traditional HWPs and the electric
dipole response in plasmonic nano-HWPs,*’ the antiferromag-
netic modes with the AMDs provide an alternative approach to
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investigate the dielectric nano-HWPs. Although this antiferro-
magnetic mode is found in the Nb,Os-based nanostructures at
the ultraviolet wavelengths, it can also be extended to other ma-
terial platforms (TiO,, Si, etc.) at the visible and infrared spectra
(see Section 7, Supporting Information) because this operation
is a mode scaling to match the electromagnetic interaction with
the transparent dielectric nanostructures. In addition to offering
the phase delay of 7, the antiferromagnetic mode also provides
a solution for high transmission under the x- or y-polarized
incidence, as derived from the high-efficiency polarization con-
version in both simulation and experiment. Although it is just
an elementary work to understand the microscopic mechanism
of the functionalized nano-structures by using antiferromag-
netism, our report might excite intense researches to exploit the
linking between antiferromagnetic modes and nano-optics.

3. Conclusion

In summary, we have demonstrated NDb,Os-based dielectric
meta-holograms that can achieve an efficiency of 79.6%. They
can also produce high-quality images and provide a large angle of

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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view at the ultraviolet wavelength of 355 nm. Our ultra-channel
meta-hologram is composed of two orthogonal channels that can
generate three different images with polarization-dependent fea-
tures. These are used to demonstrate the ultraviolet vectorial anti-
counterfeiting. The optically induced antiferromagnetic modes
hold the underlying physics of governing the polarization con-
version in dielectric nano-HWPs, which offers a new paradigm
for employing the microscopic magnetic phenomena to investi-
gate nano-structures. The proposed Nb,Os enriches the choices
of materials for ultraviolet metadevices and flat optics and might
facilitate the development of compact and unique optics for ap-
plications such as nano-photolithography, bio-imaging, and anti-
counterfeiting.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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