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Directionally Asymmetric Holographic Imaging for Arbitrary
Polarization States Using Janus Metasurfaces

Yu-Chuan Chang, Chang-Yi Lin, Huan-Teng Su, Yun-Chien Wu, Chih-Yao Hsu,

Shu-Ming Chang, and Yao-Wei Huang*

Janus metasurfaces have emerged as a powerful platform for directionally
asymmetric holographic imaging. However, existing designs often suffer from
limitations such as complex fabrication processes, reliance on spatial
multiplexing or vertical stacking, restricted polarization control, or significant
Ohmic losses—particularly preventing operation in the visible spectrum. In
this study, single-layer dielectric Janus metasurface holograms are presented
utilizing TiO, meta-atoms, each capable of operating simultaneously for
forward and backward illumination, to overcome these obstacles. By
incorporating the Dammann grating principle and precise phase
manipulation, this design generates high-fidelity holographic images for
arbitrary polarized light at wavelength of 532 nm. This approach not only
achieves simplified fabrication and minimizes losses but also broadens the
applicability of holography, paving the way for diverse innovations in compact

and versatile optical technologies.

1. Introduction

The term “Janus” originates from the two-faced Roman god
who looked simultaneously to the past and the future, sym-
bolizing the capability to exhibit different characteristics when
viewed from opposite directions. This directional asymmetry
has been harnessed in nanophotonics to realize a variety of
functionalities,!! including Janus metamaterials,!>*] Janus pho-
tonic crystals,[*® and non-reciprocal devices.”! As interest
grows in controlling light on a subwavelength scale at a sin-
gle interface, Janus metasurfaces have naturally emerged. Ex-
isting research on Janus metasurfaces demonstrates impressive
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capabilities—such as
holograms,[1®12  and dual frequency
control.'** However, most of these
studies rely on metallic antennas oper-
ating in the microwave regime.[1%1214]
Although plasmonic Janus metasurfaces
using gold and magnesium antennas
have been realized for hydrogen- and
oxygen-responsive tuning in the visible
range, these systems suffer significant
losses.>) Moreover, metallic antennas
typically function at only one polariza-
tion, necessitating spatial multiplexing
strategies to encode different directional
responses into separate polarization states
or subpixels—a method that reduces ef-
fective cross-section and lowers efficiency.
To address these drawbacks, Si-based
Janus metasurfaces with enhanced func-
tionalities have been demonstrated.[117]
However, these approaches require a two-layer (vertically stacked)
configuration and remain limited to the mid-infrared and near-
infrared regimes. Other studies incorporate materials such as
graphene or vanadium dioxide for tunability,["®?! or employ non-
linear materials for nonreciprocal transmission,2>2!l yet these
methods often demand multiple vertically stacked layers. More-
over, both the spatial multiplexing and vertical stacking strate-
gies discussed above support only linear or circular polariza-
tion states. In contrast, our previous work introduced a single-
layer, TiO,-based Janus metasurface enabling arbitrary polariza-
tion states in the visible range.[?2] However, realizing directionally
asymmetric holographic image generation—an essential mile-
stone for near-field to far-field photonic control—in a purely
single-layer design without spatial multiplexing has yet to be
demonstrated.

In this letter, we present single-layer Janus metasurface holo-
grams capable of reconstructing different images under forward
and backward illumination, as illustrated in Figure 1. We em-
ploy a Jones matrix approach, combined with propagation and
geometric phase control in rectangular nanopillars, enabling op-
eration at arbitrary polarization states—including not only lin-
ear and circular, but also elliptical polarizations. In practice,
we showcase two types of Janus metasurface holograms. In
Figure 1a, Sample 1 targets left-circularly polarized (LCP) illumi-
nation, reconstructing “nycu” (an abbreviation of National Yang
Ming Chiao Tung University) under forward incidence and a fox
(the NYCU mascot) under backward incidence. In Figure 1D,
Sample 2 is optimized for elliptical polarization, yielding “dp”

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH


http://www.advopticalmat.de
mailto:ywh@nycu.edu.tw
https://doi.org/10.1002/adom.202501546
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202501546&domain=pdf&date_stamp=2025-09-17

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

&

a

www.advopticalmat.de

Figure 1. Schematics of our Janus metasurface holograms. a) Design optimized for circular polarization. b) Design optimized for elliptical polarization.
keand ky, represent the directions in which polarized light propagates forward and backward respectively.

(representing the Department of Photonics) in forward incidence
and another fox in backward incidence. Both metasurfaces are
fabricated as a single layer of TiO, nanopillars, deposited on a
glass substrate, with precisely tailored widths and rotation an-
gles to operate at visible wavelengths. This research establishes
a versatile design principle for directionally asymmetric multi-
functionality, paving the way for broader applications in compact
optical components, including advanced imaging, beam shaping,
and other holographic technologies, not only in the visible band
but across a wider range of wavelengths.p

2. Results

2.1. Local and Global Matrix of Janus Metasurface Holograms

Janus metasurfaces derive their functionality from a global Jones
matrix, which in turn is governed by the local Jones matrices
of individual meta-atoms. In designing Janus metasurface holo-
grams, our primary goal is to optimize these meta-atoms, the fun-
damental building blocks of the metasurface. This optimization
involves adjusting their arrangement, shape, size, and rotation
angle so that arbitrarily polarized light, incident from forward
and backward directions, produces the desired holographic im-
ages. In our implementation, we employ rectangular nanopillar
structures as meta-atoms, which perform similarly to birefrin-
gent linear waveplates. Their properties can be expressed math-
ematically as:

j=rtal 5 0| R o)
J/ — R(—(x’) [63”‘ eg,y] R(a/) )

In this notation, the prime symbol (') denotes the back-
ward coordinate system.[”) The parameters @, and ¢, repre-
sent the phase delays for the local x- and y-components of the
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incident field (E, and E,), respectively, while R(a) is the rota-
tion matrix describing the rotation of each meta-atom by an
angle a.

To create a unified coordinate framework for our design, we
account for the interplay between the forward and backward co-
ordinates, leading to the global Jones matrix of the Janus meta-
surface holograms:2?]

J (%)

(eiwf(x:Y) + ei%(x,)’)) cos y sin x P (ei(Pf(X»Y) _ ei(ph(x,y)) COSZZ
e ( gierxy) _ Ziwh(x,y)) sin’y e% (eiwf(x,y) + eiw(x,y)) cos y sin y

G)

Here, § denotes the phase difference between global E, and
E,, while y is defined by tan™'(E,/E,). This corresponds to the
incident polarized state [4(y, §) = [cos y; €°sin y]. The terms ¢y
and @, correspond to the phase distributions of the desired holo-
graphic images for forward and backward incidence, respectively.
These phase profiles are obtained using the Gerchberg-Saxton
algorithm within the framework of computer-generated hologra-
phy (CGH).[2324]

A comparison between the global and local matrices reveals
a physical constraint that requires the off-diagonal elements of
Equation (3) to be identical.’?®! This condition restricts y for the
incident light on Janus metasurface holograms to be x/4, cor-
responding to +45° linearly polarized, circularly polarized, and
certain specific elliptically polarized states, thereby significantly
limiting the range of possible polarized states.

To circumvent this restriction, we introduce a rotation angle #
to the global matrix, transforming it into J,. The resulting trans-
formation can be expressed as:

J 12z /4,6) = JR=p)R(B) 12y =], |4 (20:5)) 4

where |A(y,,6,) describes the incident polarized state with arbi-
trary y, and §,. The rotation angle f is linked to the angle of po-
larization y (x,6) = % tan=! (tan2 ycoss). Accordingly, # = y(x,
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Figure 2. Design and fabricated Janus metasurface holograms. a,b) Schematic of TiO,-based rectangular meta-atoms arranged on the glass substrate
in a square lattice with fixed height, h = 600 nm, and period, p = 480 nm. The widths and rotation angle of meta-atoms are denoted as W,, W,, and a.
¢,d) The scanning electron microscope (SEM) images of part of Janus metasurface hologram for polarization state with y = z/4 and 6 = z/2. e,f) The
SEM images of part of Janus metasurface hologram for polarization state with y = z/6 and 6 = z/3. The images on the left are from top-view, and those
on the right are from side-view. The SEM images from side-view are obtained with a tilted angle 30 degree.

8) — y(=/4, 8), where y(x/4, §) corresponds to the original con-
straint y = x/4 imposed by Janus metasurface holograms.

In practice, to demonstrate arbitrary polarization capability, we
present two types of Janus metasurface holograms operating un-
der left-circularly polarized and elliptically polarized light. Math-
ematically, these polarization states can be expressed as |z /4, 7/2
and |z/6, /3, respectively. The first state lies outside the y con-
straint, whereas the second one is constrained, necessitating a
global rotation of the latter sample. The required rotation angle
is p = y(x/6, n/3) — m/4 ~ —24.55°. Detailed information on
both samples, including their operating polarization states and
ideal reconstructed images, is provided in Table 1.

Table 1. Two Janus metasurface holograms and their desired polarization
states and images.

[A(x, 8) Forward image

€01546 (3 of 7)

Backward image

Sample 1 |§, %)

Sample 2 |%, ’3—')
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2.2. Design and Fabrication

We chose rectangular, TiO,-based meta-atoms with a height (k)
of 600 nm and a base period (p) of 480 nm, arranged in a square
lattice on a fused silica, as illustrated in Figure 2a,b. By combin-
ing the theory of propagation and geometric phase, we tailored
the widths (W,, W,) and rotation angle («) of each meta-atom
to achieve the desired phase delay and wave retardation, while
also maintaining high transmittance at a wavelength of 532 nm,
based on a phase-to-width lookup table (Figure S1, Supporting In-
formation). The resulting metasurface hologram comprise 550 x
550 pixels, each constructed from arrays of these meta-atoms.

To ensure reliable measurement results, each pixel of the
Janus metasurface holograms contains 4 identical meta-atoms,
effectively increasing the pixel size to 2p = 0.96 um, and this con-
figuration yields single-layout holograms of 528 um x 528 um,
as depicted in Figure 3a. The zero-order diffractive image range,
i.e., the overall field of view (FOV), in the far field along the x-
or y-direction is governed by the pixel size and is calculated to
be +16.1° via + sin~!'[1/(4p)], leading to a total angular range of
~32.2° (Figure 3b). The actual usable FOV, however, also depends
on the spatial extent of the ideal designed image. For example,
the “nycu” forward image of Sample 1 spans ~19.84° in FOV
(details provided in Figure S2, Supporting Information). Conse-
quently, while the pixel size determines the FOV, the total size
of the Janus metasurface hologram in the near field dictates the
angular resolution in the far field (i.e., the angular size of each
far-field pixel).

In holographic imaging, fidelity refers to how accurately a re-
constructed image reproduces its intended target. Achieving high
fidelity is crucial for preserving fine details and minimizing dis-
tortions. However, a major factor that degrades fidelity in holog-
raphy is speckle noise, which arises from high coherence of laser
illumination. Speckle appears as a granular interference pattern
that diminishes the clarity and uniformity of the reconstructed
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Figure 3. Schematics of Janus metasurface holograms based on the concept of Dammann grating. a) Single layout of Janus metasurface hologram
in size of 528 pm x 528 um with four identical meta-atoms arranged in a pixel (yellow box). b) Schematic of forward holographic imaging by Janus
metasurface hologram. The diffraction angle of the image is decided by a pixel (yellow box), while the resolution is controlled by the size of Janus
metasurface hologram. The red spot is used to simulate the zero-order diffraction. c) Illustration of Janus metasurface hologram composed of 3-by-3
same single layout as shown in (a) to generate holographic images with high fidelity.

image. A promising strategy for both enhancing fidelity and sup-
pressing speckle involves the use of Dammann gratings.[?)] In
our approach, these metasurface holograms generate multiple
uniform diffraction beams, thereby improving the overall unifor-
mity of the holographic reconstructions.

The theoretical derivation is as follows. Let the near-field dis-
tribution of the designed hologram be u (x, y) = ¢¢®? | and let
its corresponding far-field distribution Uk, k,) be obtained via
CGH. To incorporate Dammann gratings into the hologram de-
sign, we periodically tile this near-field distribution in two dimen-
sions. In practice, the modified near-filed distribution u'(x, y) is
expressed as

w(xy) =ulxy ® [comb (% %) rect(ﬁ) rect<%xj>](5)

where W represents the spatial extent of u(x, y) (528 um), and N
denotes the number of periodic tilings in an N X N arrangement.
Consequently, the modified far-field distribution U’ (k,.k,) can be
written as

U (k. k) & Uk, k)

x? 7y %2 Vy
x {comb (Wk,, Wk ) ® [sinc (NWk,) sinc (NWk,)| } (6)

Here, we choose N = 3, resulting in a sample size of 1584 um
X 1584 um, as illustrated in Figure 3c. The new holographic
image (|U'(k,.k,)|*) resembles the original holographic image
(U(k,.k,)|*) multiplied by a dot array, where each adjacent dot is
separated by 3 pixels in the k-space. With this design, we enhance
the fidelity of holographic images while mitigating speckle noise.

Our fabrication process follows a precise sequence. First, we
spin-coat a layer of electron beam resist (ZEP 520A, Zeon) onto

Adv. Optical Mater. 2025, 13, 01546 e01546 (4 of 7)

the fused glass substrate to achieve a uniform thickness of
600 nm. Next, we spin-coat a thin polymer conductive film (ES-
PACER 300Z, Resonac) on top of the photoresist before perform-
ing electron-beam lithography to generate the desired patterns.
We then utilize atomic layer deposition to deposit TiO, films with
a height at least half the maximum width of the meta-atoms,
thereby preventing void formation. The thickness and refractive
index of the TiO, films are confirmed by ellipsometry to ensure
they match the design specifications. Finally, we apply a high-
density plasma reactive ion etching system to remove the excess
TiO, on top of the photoresists and then soak the samples in Re-
mover PG to strip away the remaining photoresist.

Using this process, we fabricated two distinct types of holo-
grams tailored to different polarization states, as shown in
Figure 2c—f. In Figure 2c,e, each pixel of the Janus metasurface
hologram consists of a 2 X 2 array of rectangular meta-atoms ar-
ranged in a square lattice. Figure 2d,f reveals vertical side walls
and a height of 613 nm, closely matching our design targets.

Notably, the scanning electron microscope (SEM) images of
the Janus metasurface hologram designed for elliptical polariza-
tion (Sample 2, Figure 2e) reveal a noticeable global rotation angle
in the top view. This global rotation is a deliberate outcome of the
additional rotation angle f applied to the global matrix, which is
around —24.55°.

2.3. Optical Characteristics
To predict and verify the reconstructed holographic images of
our Janus metasurface holograms, we numerically generated

the phase distribution of these images for distinct polarizations
and directions through CGH, and imported them into far-field
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Figure 4. Holographic imaging results from Janus metasurface holograms. a,b) The simulated (a) and measured (b) reconstructed images of Sample
1. ¢,d) The simulated (c) and measured (d) reconstructed images of Sample 2.

diffraction analysis (i.e., fast Fourier transform). The simulated
results are presented in Figure 4a,c.

In the optical measurements, we constructed an experimen-
tal setup to demonstrate the holographic imaging performance
of our Janus metasurface holograms (details provided in Figure
S3, Supporting Information). A single-mode laser with a wave-
length of 532 nm was configured as the incident light. Both the
polarizer and analyzer consisted of a linear polarizer and a quar-
ter wave-plate. The polarizer was utilized to manipulate the inci-
dent polarization states, while the analyzer was employed to an-
alyze the output polarizations. The measured results are shown
in Figure 4b,d. We evaluated the horizontal FOV of the recon-
structed “nycu” image in Figure 4b to be ~20.84°, which is in
close agreement with the theoretical prediction of 19.85° (details
provided in Figure S2, Supporting Information).

Compare the simulated and measured holographic images il-
luminated by our Janus metasurface holograms, red spots at
the center in simulations are labeled to describe the zero-order
diffraction which corresponds to the bright green spots observed
at the center of the measured images. Overall, the experimental
results closely match the simulations, exhibiting high imaging
quality with no noticeable speckle. This improvement in fidelity
is attributed to the incorporation of the Dammann grating, which
effectively enhances the image contrast and uniformity.

It is worth noting that the images appear cropped because the
analyzer’s aperture—combined with the inherent diffraction an-
gles of the holographic images—limits the region from which
light can be collected and imaged. In addition, a relatively weaker
image from the backward channel appears under forward inci-
dence when the incident power is increased (Figure 4b), which
is attributed to minor fabrication imperfections (e.g., deviations
in feature widths or occasional missing meta-atoms) and opti-
cal misalignments (e.g., slight rotational errors in the linear po-
larizers, quarter-wave plates, and sample). The high-power im-
ages acquired with the analyzer placed at the closest possible
distance to the sample are provided in Figure S4 (Supporting
Information).

Adv. Optical Mater. 2025, 13, 01546 e01546 (5 0f7)

To evaluate the overall quality of the reconstructed holographic
images, we employed two complementary metrics: speckle
contrast!?®! and imaging contrast, each highlighting different as-
pects of image performance. Speckle contrast is defined as C =

o/1,, where I, and ¢ are the average and its standard deviation of

the image intensity within a selected bright region. This metric
quantifies the level of speckle noise; lower C values correspond
to reduced speckle effects, with C values below 0.3 generally indi-
cating effective speckle suppression. In our measurements, the
speckle contrast for the bright region of the “nycu” pattern aver-
aged 0.39, confirming that speckle noise is reasonably well con-
trolled (see Figure S5, Supporting Information for full data and
analysis).

Imaging contrast, by contrast, measures the visibility of the
holographic features relative to the background. It is defined as
(I, = 1)/ (I, + 1;), where I, is the average intensity of the image
within a selected dark region. Higher values indicate better dis-
tinguishability of the projected pattern. In our results, the imag-
ing contrast consistently averaged 0.87, demonstrating that the
holographic features are clearly distinguishable from the back-
ground and that the overall image quality is excellent (see Figure
S5, Supporting Information for full data and analysis).

In spite of a coordinate difference between Sample 1 and
Sample 2—arising from a design consideration that resulted in
flipped meta-atoms arrangement in the -y-direction (Figure S6,
Supporting Information)—the measured results demonstrate
high robustness and closely match the simulated predictions.

3. Discussion and Conclusion

We have successfully demonstrated directionally asymmetric
holographic imaging using single-layer TiO,-based Janus meta-
surface holograms in the visible range. By theoretically analyzing
the local and global Jones matrices and applying a global rotation
to the sample, our design principle overcomes the limitations of
spatial multiplexing and vertical staking, offering greater flexibil-
ity for arbitrary incident polarization.
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We further integrate Dammann grating theory into our holo-
gram design and employ a configuration of four identical meta-
atoms per pixel. The strategy yields high-fidelity holographic im-
ages with noticeably reduced speckle noise across an observable
FOV. Moreover, the close alignment between the theoretical de-
sign and experimental measurements confirms the reliability
and accuracy of our approach. Although the measured images
appear flipped in the coordinate space, the overall imaging qual-
ity and fidelity remain exceptional.

These demonstrated capabilities extend beyond conventional
holography applications. Our Janus metasurface design princi-
ple is not only applicable to holographic imaging, as shown in
this work, but also been validated for orbital angular momentum
generation in earlier studies, underscoring its broad potential.
Moreover, incorporating tunable, nonlocal materials,!?”] or matrix
Fourier optics 28] may further expand the functionalities of these
Janus metasurfaces, enabling more dynamic, nonreciprocal op-
tical properties, or multipole polarization control. We anticipate
that this versatile platform will drive further innovations across
various optical technologies, particularly in scenarios demanding
directionally asymmetric light control, such as optical combin-
ers for augmented reality,[?! transceivers and receivers for depth
sensing, 332 and cavity-mode modulation in laser systems.**]
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Supporting Information is available from the Wiley Online Library or from
the author.
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