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Abstract

Metasurface-based holograms, or metaholograms, offer unique advantages including enhanced imaging quality,
expanded field of view, compact system size, and broad operational bandwidth. Multi-channel metaholograms,
capable of switching between multiple projected images based on the properties of illuminating light such as state
of polarization and angle of incidence, have emerged as a promising solution for realizing switchable and dynamic
holographic displays. Yet, existing designs typically grapple with challenges such as limited multiplexing channels
and unwanted crosstalk, which severely constrain their practical use. Here, we present a new type of waveguide-
based multi-channel metaholograms, which support six independent and fully crosstalk-free holographic display
channels, simultaneously multiplexed by the spin and angle of guided incident light within the glass waveguide. We
employ a k-space translation strategy that allows each of the six distinct target images to be selectively translated
from evanescent-wave region to the center of propagation-wave region and projected into free space without cross-
talk, when the metahologram is under illumination of a guided light with specific spin and azimuthal angle. In
addition, by tailoring the encoded target images, we implement a three-channel polarization-independent meta-
hologram and a two-channel full-color (RGB) metahologram. Moreover, the number of multiplexing channels can

be further increased by expanding the k-space’s central-period region or combing the k-space translation strategy
with other multiplexing techniques such as orbital angular momentum multiplexing. Our work provides a novel
approach towards realization of high-performance and compact holographic optical elements with substantial infor-
mation capacity, opening avenues for applications in AR/VR displays, image encryption, and information storage.
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1 Introduction

Metaholograms, which can project holographic images
by modulating an incident light through a two-dimen-
sional array of artificial meta-atoms, outperform con-
ventional holograms in terms of imaging quality,
field of view, system compactness, and operational
bandwidth [1-4]. Metaholograms are considered as
one of the next-generation display technologies and
have exhibited great potential in an array of applica-
tions such as AR/VR display [5-11], image encryption
[12-16], and optical anti-counterfeiting [17-19]. For
many of the above research endeavors, a key focus is
to expand the device information capacity and realize
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tunable metahologram operation. Towards this goal,
multi-channel metaholograms have been exploited,
whose projected images can switch through multiplex-
ing different properties of an incident light including
state of polarization, angle of incidence, illumination
wavelength (frequency), and orbital angular momen-
tum (OAM) [20-23].

Polarization multiplexing is one of the most common
methods to implement multi-channel metaholograms.
Anisotropic meta-atoms with spatially-varying geomet-
ric parameters and orientation angles have been used to
construct the device, which can offer independent phase
shift modulations for two arbitrarily orthogonal polari-
zations and support a two-channel holographic image
projection [24-27]. Noise engineering is recently devel-
oped to realize an eleven-channel, single-color meta-
hologram, but the image quality is compromised by the
unavoidable crosstalk between different channels due to
the dimension constraints of Jones matrix [28]. Angle-
of-incidence multiplexing has been used to create two-
channel metaholograms consisting of specially-designed
meta-atoms, such as U-shaped and four-nanofin-assem-
bled structures that support distinct optical resonances
under illumination with two different angles of incidence
[29-31]. Wavelength-multiplexing metaholograms oper-
ate based on judiciously-designed high-aspect-ratio
dielectric meta-atoms, which can simultaneously pro-
vide independent phase shift modulations for discrete
illumination wavelengths [32-35]. Constrained by the
underlying physical mechanism or the difficulty of pre-
cise dispersion engineering for increased wavelength
numbers, the afore-mentioned multiplexing methods
could only provide a limited number of channels (<4 in
most cases) for independent holographic projection with
negligible crosstalk. Although OAM multiplexing can
enable metaholograms with extended projection chan-
nels, the projected images inevitably suffer from reduced
spatial resolution due to pixelated spatial sampling for
OAM multiplexing and compromised image quality
due to the crosstalk between different OAM channels
[36—38]. The above-mentioned multi-channel meta-
hologram designs typically rely solely on the multiplex-
ing of one state parameter of an incident light, which
leads to constraints on the number of display channels
and difficulties in crosstalk suppression. It is worth not-
ing that light has intrinsically rich degrees of freedom
and is jointly characterized by an array of state param-
eters (e.g., polarization, propagation mode, illumina-
tion angle, wavelength, etc.). Therefore, simultaneously
employing multiple states of an incident light might pro-
vide a new approach to overcome the above limitations
and realize high-fidelity crosstalk-free metaholograms
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with extended projection channels, facilitating advanced
applications such as full-color and switchable displays.
Unfortunately, rational design methodologies which
can effectively incorporate and multiplex several state
parameters for implementing multi-channel metaholo-
grams are still rather unexploited.

Here, we present a new type of high-fidelity multi-
channel metaholograms that efficiently and concur-
rently multiplex two essential state parameters of an
illuminating light, namely, the state of polarization
and angle of incidence. Integrated atop a planar glass
waveguide, the proposed metahologram consists of sili-
con (Si) nanopillars with spatially-varying orientation
angles to enable requisite phase modulation through
the geometric phase mechanism. The device supports
six independent, fully crosstalk-free holographic display
channels, simultaneously multiplexed by the spin state
and azimuthal angle of guided light within the glass
waveguide. The metahologram’s k-space is designed
to have a broad evanescent-wave region, which con-
tains six elaborately-arranged target images. Leverag-
ing the fundamental properties of metasurface-based
holographic projection process, we derive a k-space
translation strategy that allows each target image to be
selectively moved to the center of the propagation-wave
region for free-space projection without any crosstalk,
when the metahologram is illuminated by a guided light
with specific spin and azimuthal angle. Through adjust-
ing the encoded target images, we further demonstrate a
three-channel polarization-independent metahologram
and a two-channel full-color (RGB) metahologram. In
addition, the number of multiplexing channels can be
increased by expanding the k-space’s central-period
region. Moreover, such k-space translation strategy
based multiplexing approach is compatible with other
multiplexing techniques such as OAM multiplexing. As
a proof of concept, we demonstrate an eighteen-chan-
nel metahologram multiplexed by the state of polariza-
tion, angle of incidence, and OAM simultaneously. This
work establishes a new paradigm for realizing high-per-
formance metaholograms with expanded information
capacity, facilitating various applications in dynamic
holographic display, AR/VR display, image encryption,
information storage, etc.

2 Results

The schematic of the proposed multi-channel metaholo-
gram is shown in Fig. 1. The device is located on top of a
planar glass slab, which functions as a two-dimensional
(2D) flat waveguide to guide illumination light by total
internal reflection (TIR). The metahologram, designed
to operate in the Fraunhofer diffraction region, can



Liu et al. eLight

(2024) 4:7

Page 3 of 15

BCDEF

Fig. 1 Schematic of six-channel crosstalk-free holographic image projection over a broad visible range by the spin and angle co-multiplexed
waveguide-based metahologram. Each of the six independent images (e.g., capital letters with different colors shown in the schematic) can be
selectively projected into the far field when the metahologram is illuminated by a guided incident light with certain spin state and azimuthal angle

selectively project six independent and crosstalk-free
images according to the spin state and azimuthal angle of
guided illumination light over the visible region.

2.1 Operational mechanism

For a far-field-projection metahologram working in the
Fraunhofer diffraction region, the light field on the image
plane, U, is the Fourier transform (FT) of the modulated
light field on the metahologram plane, U},

Ui(fefy) = F(Un(x.9)), )

where F denotes the Fourier transform, and (x, ¥) and (f;,
fy) are the 2D coordinate on the metahologram plane
and image plane, respectively. Here, f; and f, also denote
the spatial frequencies of the metahologram-modulated
light field along the x and y axis, and are related to the
free-space wave vector components, k, and k,, along the
two perpendicular axes by Eq. 2.

o=
2
{fy=§; ?

According to Eq. 1, the intensity pattern I; of the dis-
played holographic image is determined by the spatial
frequency distribution of the modulated light field in
its Fourier space (k-space), i.e., [; = |L1i(ﬁc,fy) }2. In the
case of metasurface-based holographic projection, the
incident light is modulated by 2D discrete meta-atoms
arrayed over a pitch of P. Consequently, such metas-
urface-induced Fourier transform is indeed a discrete
Fourier transform (DFT) with a sampling interval of P.
Based on the properties of DFT, the spatial frequency

distribution is a continuous and periodic function with
a period of 1/P in two perpendicular directions ( fx,fy),
whose central period ranges from — 1/2P to 1/2P along
each axis.

For the ease of description of the employed k-space
in this study, we choose to utilize a new coordinate sys-
tem using normalized wave vector components, (ky/ko,
ky/ko), as two coordinate axes in the subsequent discus-
sion. In this new normalized k-space coordinate sys-
tem, the central-period region of the spatial frequency
distribution will instead range from —A¢/2P to A¢/2P,
where A is the free-space wavelength of incident illu-
mination light. Considering a metahologram whose
constituent meta-atom pitch P is smaller than Ay/2,
the maximum coordinate value of the central-period
spatial frequency region will exceed one (Fig. 2a). This
indicates that the central-period region now contains
two parts: (i) the propagation-wave region (illustrated
by the bright area of the image plane, Fig. 2) with its
boundary defined by (kx/ko)2 + (ky/ko)2 =1, and (i)
the evanescent-wave region (illustrated by the shadow
area of the image plane, Fig. 2) outside the above
boundary. In this situation, only the spatial frequency
distribution pattern inside the propagation-wave region
can be observed in the far field and forms the projected
holographic image, while the pattern inside the evanes-
cent-wave region cannot reach the far field.

When the metahologram is illuminated by an oblique
incident light (Fig. 2b), the spatial frequency distribu-
tion pattern in the k-space will undergo a directional
translation of distance d; = pg/ko [39, 40],
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Fig. 2 Schematics of the holographic image projection by a metahologram under normal incident illumination (a) and oblique incident
illumination (b). The projected far-field image (i.e., spatial frequency distribution pattern) contains sixteen equally-spaced capital letters. The
pitch of the constituent meta-atoms is chosen to be 4¢/3. Consequently, the central-period region of the spatial frequency distribution pattern
ranges from — 1.5 to 1.5 along the two perpendicular coordinates ky /ko and ky /ko in the normalized k-space coordinate system. The bright

area and the shadow area on the image plane indicate the propagation-wave region and evanescent-wave region, respectively. The black
dashed-line circle, defined by (k. /ko)* + (ky/ko)2 = 1, indicates the boundary between the above two regions. The propagation direction

of the oblique incident light in (b) is in the x-z plane and towards the positive x axis, making an angle of a, with respect to the metahologram'’s
normal direction. As an example, in the case of a, = 60°, the oblique incident light imparts an in-plane phase gradient of 7w /4o along the x axis
and leads to a translation distance of 0.5 for the spatial frequency distribution pattern in the normalized k-space. After such translation, the images
of capital letters "E”and “I"are moved into the propagation-wave region and the images of capital letters “G"and "K" are partially moved out of the
propagation-wave region. Also, the images of capital letters "D, "H’,"L" and “P" are moved out of the central-period region and appear again

from the opposite side due to the periodicity of the spatial frequency distribution
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U; % % — %cos(@x) ,%(% — %cos(é’y))) =
F(Uy (x,y)exp(ipg xcos(by) + ycos(ey)))),

3)
where p, is the induced in-plane phase gradient, and 6,
(0y) is the angle between the direction of the in-plane
phase gradient and the coordinate axis, x (y), on the
metahologram plane. Detailed analysis is elaborated
in Additional file 1: Part 1. With proper translation
distance and direction, patterns inside the evanes-
cent-wave region can be laterally translated into the
propagation-wave region along the direction of the in-
plane phase gradient. It is worth noting that because the
spatial frequency distribution is periodic, when certain
patterns are translated out of the central-period region,
the same patterns in the adjacent regions will be moved
into the central-period region from the opposite side.
Therefore, by controlling the spatial angle and direction
of an incident illumination light, the spatial frequency
distribution pattern inside the propagation-wave region
(i.e., the displayed holographic image) can be freely
switched.

2.2 Device design
According to the earlier discussion, the spatial frequency
distribution of a metasurface-modulated light field is

Periodic
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both continuous and periodic. Moreover, the displayed
holographic image (spatial frequency distribution pat-
tern inside the propagation-wave region) can be freely
switched by varying both the spatial angle and incident
direction of the illumination light, based on the k-space
translation strategy. Leveraging these basic properties,
we propose a six-channel crosstalk-free waveguide-based
metahologram co-multiplexed by spin state and azi-
muthal angle of the incident illumination light inside the
waveguide. The central-period spatial frequency distribu-
tion patterns encoded on the metahologram for normal
incident illumination are displayed in Fig. 3. Consider-
ing a red illumination light (1o = 637 nm) and a chosen
meta-atom pitch (P) of 177 nm, the central-period region
of the spatial frequency distribution pattern will range
from — 1.8 to 1.8 (4¢/2P=1.8) along the two perpen-
dicular coordinate axes, (ky/ko, ky/ko), in the normalized
k-space. Six images (capital letters from “A” to “F”), each
of which is centered on one vertex of a regular hexagon
(green dashed lines) with a side length of 1.2 in the nor-
malized k-space coordinate system, are chosen as the
target holographic images. Each image is located inside
a circular area with a radius r;,=0.2 (red dashed-line cir-
cles, Fig. 3). The circular area corresponds to a divergent
angle 6 = 2arctan(r;) ~ 22.6° for target images when they
are selectively moved to the k-space center (origin of
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Fig. 3 Central-period spatial frequency distribution patterns encoded on the metahologram for normal incident illumination under polarization
conversion from right circular polarization (RCP) to left circular polarization (LCP) (a) and from LCP to RCP (b), respectively. The two patterns, each
containing six target images (capital letters from “A"to “F"inside the red dashed-line circles with a radius of 0.2), are central symmetric with respect
to the origin due to the properties of the employed geometric phase modulation method. These six target images are outside the black
dashed-line circle and are centered on each vertex of a regular hexagon (green dashed lines) with a side length of 1.2 in the normalized k-space
coordinate system. The bright area and the shadow area indicate the propagation-wave region and evanescent-wave region, respectively. The black
dashed-line circle denotes the boundary of the two regions and is described by (kx/ko)2 + (ky/ko)2 = 1. Due to the property of discrete Fourier
transform, the entire spatial frequency distribution pattern in the k-space is a periodic extension of the central-period spatial frequency distribution

pattern along the two perpendicular coordinate axes
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k-space coordinate system) for projection in the normal
direction. The center of the regular hexagon is at the ori-
gin (0, 0) of the k-space coordinate system, such that the
center of each target image has a distance d=1.2 away
from the origin.

The central-period spatial frequency distribution pat-
tern is encoded onto the metahologram by employing the
geometric phase modulation method. Geometric phase
typically applies to cases where a circularly-polarized
light interacts with an array of anisotropic meta-atoms
with the same size but different in-plane orientation
angles. Phase shift modulation, which is twice the meta-
atom’s orientation angle, is imparted onto the converted
cross-circularly-polarized light. For two circularly-
polarized incident light with opposite spins, the metas-
urface-imparted phase shift modulations are identical
in magnitude but opposite in sign. Consequently, their
associated spatial frequency distribution patterns in
the k-space are central-symmetric with respect to each
other [41]. When the metahologram is under normally-
incident illumination, all six target images are located
outside the propagation-wave region’s boundary (black
dashed-line circle, Fig. 3), and therefore, cannot be pro-
jected into the far field.

Utilizing the proposed k-space translation strategy,
each letter can be selectively moved to the center of the
propagation-wave region and forms the target holo-
graphic image, as long as a translation distance d; = 1.2
is provided when the metahologram is under oblique
illumination by a guided light inside the glass slab. This
suggests the guided incident light to impart an in-plane
phase gradient p, =d; ko = 1.2kg. The propagation
direction of a certain guided light inside the glass slab
can be described by two angles: the TIR angle a and the
azimuthal angle B. Considering the glass slab waveguide
has a refractive index g ~ 1.46 at the device operational
wavelength /o = 637 nm, the afore-mentioned phase gra-
dient leads to a TIR angle a = arcsin (pg/kong) ~ 55.3°.
This calculated angle is greater than the critical TIR angle
a, = arcsin(1/ng) ~ 43.2°, and therefore, the required
in-plane phase gradient can be offered by stable guided
light inside the glass slab. It is worth noting that the value
of the resulting translation distance equals the effective
index of a guided illumination light, and an arbitrary
translation distance between 1 and 7, can be readily pro-
vided through varying the TIR angle a. Moreover, an
even wider range of translation distance can be offered
by employing waveguide slabs made of higher refractive
index materials (e.g., SiC, TiO,, GaN, SiN,, etc.).

The distance of k-space lateral translation is deter-
mined by the TIR angle a of the guided incident light,
while the direction of such translation is decided by
the azimuthal angle /5. For the designed metahologram,
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by fixing a = 55.3° and choosing discrete 8 values from
0° to 300° with a step of 60°, each target image can be
selectively translated to the center of propagation-wave
region for far-field projection while all the other images
are still confined in the evanescent-wave region and
remain as “hidden” for far-field observation. Moreover,
the employed geometric phase modulation method fur-
ther enriches the metahologram’s functionality with spin
multiplexing. When the illumination light switches cir-
cular handedness and undergoes opposite polarization
conversion, the three pairs of capital letters on two oppo-
site vertices of the regular hexagon are mutually switched
(Fig. 3). Therefore, when the designed waveguide-based
metahologram is imparted the same required in-plane
phase gradient (determined by a and S of the guided
incident light), simply flipping the spin of the circularly-
polarized guided incident light will lead to a switch
between a pair of target images “A” and “D’, “B” and “E’,
or “C” and “F” Using such configuration, a six-channel
crosstalk-free metahologram co-multiplexed by spin and
azimuthal angle of guided incident light can be read-
ily implemented. As shown in Fig. 4, depending on the
combinations of spin state (RCP or LCP) and azimuthal
angle /5 (0°, 60°, or 120°) of guided incident light, different
target images (capital letters “A” to “F”) can be selectively
translated to the k-space center for holographic projec-
tion along normal direction in free space, and at the same
time, all other five letters are translated accordingly but
still remain in the evanescent-wave region to avoid cross-
talk between channels.

By simultaneously employing the k-space translation
strategy based on the fundamental properties of DFT
and the geometric phase encoding method widely used
in diverse metasurface designs, we have developed a spin
and angle co-multiplexed waveguide-based metaholo-
gram. This device enables the projection of six independ-
ent images without any crosstalk, precisely determined
by the incident azimuthal angle § and the spin state of
the guided incident light. It is worth noting that in the
previous discussion, six capital letters are selected as tar-
get holographic images just for the ease of description.
Indeed, arbitrary images can be chosen as long as they
can be arranged within a circular area with a radius of 0.2
in the normalized k-space coordinate. We also note that
free-space oblique light illumination has recently been
adopted to translate target images in the k-space for high-
information-capacity metaholograms [39, 40]. However,
such free-space illumination schemes cannot provide
phase gradient greater than kg and therefore lack support
for multi-channel crosstalk-free holographic projection.
Specifically, when a certain target image is translated to
the center of propagation-wave region for holographic
image formation along the normal direction, other target
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Fig. 4 Operational mechanism of the six-channel metahologram. a—f Central-period spatial frequency distribution patterns (left panel in each
figure) and corresponding holographic projection schematics (right panel in each figure) for the metahologram under guided light illumination

(a = 55.3° with different azimuthal angle 8 and spin state. For guided illumination light having different spin states (RCP and LCP) and propagating
along different designed directions V; (a = 55.3°,8=0°), V, (a = 55.3°, = 60°) and V5 (a = 55.3°, B = 120°), different target images can be selectively
translated to the center of the propagation-wave region and get projected into the far field; while all other five letters are translated accordingly
but still remain in the evanescent-wave region. Here, a denotes the guided light's TIR angle and 8 denotes the guided light's azimuthal angle

with respect to the positive x-axis

images remain in the propagation-wave region and get
projected along off-normal directions. In contrast, the
total internal reflection (TIR) illumination scheme pro-
posed in this work overcomes the above limitation by
readily providing phase gradient greater than ko, making
it well-suited for constructing high-fidelity and crosstalk-
free multi-channel metaholograms. Moreover, such TIR
illumination scheme, wherein the illumination light is
conveyed through TIR inside a thin and compact glass
slab, prevents unmodulated residual light from directly
transmitting into free space and offers compatibility with
on-chip as well as glass-like AR displays.

2.3 Numerical verification

To implement the proposed waveguide-based metaholo-
gram, each constituent meta-atom is designed to com-
prise a rectangular poly-silicon (poly-Si) nanopillar with
a lattice pitch P of 177 nm (Fig. 5a). The meta-atoms are
expected to convert the spin of circularly-polarized inci-
dent light and impart phase modulation on the converted
cross-circularly-polarized light to form the correspond-
ing holographic image in the device’s far field. The nano-
pillar’s structural parameters are optimized based on the
cross-polarization conversion efficiency for normal inci-
dent illumination. Different combinations of pillar height
and cross-sectional size are evaluated to find a proper
combination that leads to a reasonable cross-polariza-
tion conversion efficiency across the visible region. After
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Fig. 5 Numerical verification of the six-channel metahologram. a Schematic of the constituent meta-atom, which comprises a poly-Si

nanopillar with height H=280 nm, rectangular cross-section (side lengths D,

=120 nm and D, =50 nm), and rotation angle 6, arranged on a SiO,

substrate to form a square lattice with a subwavelength lattice pitch P=177 nm. Geometric phase modulation is imparted on the converted
cross-circularly-polarized light via the variation in 6 as a function of the nanopillar position across the device. b Simulated cross-polarization
conversion efficiency between two opposite spin states by the meta-atom under normal light illumination. The meta-atom exhibits an acceptable
broadband polarization conversion capability over the visible spectral region under study (450 nm to 650 nm). ¢ Simulated holographic

imaging results of the six-channel metahologram. Six crosstalk-free holographic images (capital letters "A"to “F") can be selectively projected,
depending on the azimuthal angle 8 (0°, 60°, or 120°) and spin state (RCP or LCP) of the guided incident light (19 = 637 nm) inside the glass slab. In
the simulation, the metahologram consists of 200 x 200 meta-atoms and occupies a square area with a side length of 35.2 um. The image plane

is located 1 cm above the metahologram device

several rounds of iteration, the combination of pillar
height (H=280 nm) and cross-sectional size (long-axis
length D, =120 nm, short-axis length D, =50 nm) is cho-
sen, considering both the target cross-polarization con-
version efficiency and the feasibility of subsequent device
fabrication. Detailed analysis is elaborated in Additional
file 1: Part 2. Figure 5b plots the simulated cross-polari-
zation conversion efficiency over the visible region (450—
650 nm), where the nanopillar exhibits an acceptable
broadband polarization conversion capability.

We first validate our metahologram design through
numerical simulation (details are elaborated in Addi-
tional file 1: Part 3). In the simulation, a metahologram
having 200 x 200 meta-atoms and occupying a square
area with a side length of 35.2 um is evaluated. The afore-
mentioned “six-capital-letter” pattern in Fig. 3 is chosen
as the target spatial frequency distribution pattern, and
the required phase shift modulation profile on the meta-
hologram plane is calculated using the Gerchberg-Saxton
(G-S) algorithm (details are elaborated in Additional
file 1: Part 4). The spatially-varying orientation angle of
each constituent poly-Si meta-atom is determined based
on the geometric phase encoding method. Figure 5c
displays the simulated holographic imaging results. As
expected, six crosstalk-free holographic images are selec-
tively projected into the far field, depending on the com-
bination of azimuthal angle 5 (0°, 60°, or 120°) and spin
state (RCP or LCP) of the guided incident light (1o =
637 nm) inside the glass slab. We also attempt to estimate
the working efficiency of the device, and the associated
details are elaborated in Additional file 1: Part 5. Finally,
it is worth noting that by employing visible-transparent
materials (e.g., a-Si:H, TiO,, Ta,O;, SiN,, etc.) [14, 24, 42,

43] or adopting advanced algorithm to further optimize
the meta-atom’s structural parameters [44] for imple-
menting geometric phase on the guided incident light,
the device performance might be further improved.

2.4 Experimental results

We fabricate a six-channel metahologram comprising
1500 x 1500 meta-atoms and occupying a square area
with a side length of 264 pm on a 500-um-thick fused sil-
ica substrate. Details of the device fabrication process are
elaborated in the Methods. The employed target holo-
graphic image and the associated nanopillar design are
the same as those of the device used in the earlier numer-
ical validation. Figure 6a, b respectively displays the opti-
cal micrograph of the fabricated sample and the scanning
electron micrograph (SEM) showing details of the poly-
Si nanopillars. The sample is mounted on the center of a
5-mm-thick polished planar glass slab having a regular-
hexagon shape, which is in optical contact with the sam-
ple’s fused silica substrate. The optical contact is achieved
by using an UV-curable resin, which provides close index
matching to the fused silica substrate over the visible. In
addition, all six side edges of the glass slab are polished at
35° with respect to the vertical direction for the conveni-
ence of light in-coupling into the slab from free space. A
red illumination laser beam (19 = 637 nm) first passes
through a pair of linear polarizer (LP) and quarter-wave
plate (QWP), and then gets in-coupled into the glass slab
through one of its six polished side edges. The projected
holographic image by the metahologram is recorded by
a custom-built imaging system, whose key parts include
an objective lens (NA = 0.5), a tube lens, and a comple-
mentary metal-oxide semiconductor (CMOS) camera
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Fig. 6 Experimental results of the six-channel metahologram. a Optical micrograph of the fabricated metahologram. Scale bar: 100 um. b
Scanning electron micrograph (SEM) of the details of the fabricated metahologram. Scale bar: 500 nm. ¢ Schematic of the custom-built imaging
setup for recording the projected holographic images by the metahologram. QWP: quarter-wave plate. LP: linear polarizer. d Experimental results
of holographic images projected by the metahologram. Six crosstalk-free holographic images (capital letters "A"to “F") are selectively projected
when the metahologram is illuminated by a guided incident light with different azimuthal angles 8 (0°, 60°, and 120°) and spin states (RCP and LCP)

(Fig. 6¢). More details about the custom-built imaging
system are elaborated in the Methods.

In experiment, when the metahologram is respectively
illuminated by a given guided incident light (with the
designed TIR angle @ =55.3°) propagating along three dis-
crete azimuthal angles (8=0°, 60°, 120°) and having two
opposite spin states (RCP, LCP), six independent and cross-
talk-free holographic images (capital letters from “A” to “F”)
are selectively generated and get recorded by the custom-
built imaging system (Fig. 6d), showing a good correspond-
ence with the simulation results. The divergent angle of
the projected holographic image is measured to be 23.2°,
showing a close correspondence to its theoretical value of

22.6°. Finally, we would like to point out that for a circu-
larly-polarized light, its state of polarization will gradually
vary as it propagates inside the glass slab. This is due to the
fact that the light’s two orthogonal linearly-polarized com-
ponents will experience different phase shifts upon TIR
at the glass-air interface according to the Fresnel Formula
(detailed analysis is elaborated in Additional file 1: Part 6)
[45]. To compensate for such phase shift difference and
ensure that the guided light illuminating the metahologram
region has the proper spin, the polarization state of the
free-space incident light is adjusted to be slightly elliptical
instead of circular. When the polarization of a free-space
incident light is set to the proper state, the out-coupled
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Fig. 7 Three-channel polarization-independent metahologram. a Central-period spatial frequency distribution pattern encoded

on the three-channel polarization-independent metahologram for normal illumination. The paired two images on the opposite vertices are
the same but with an in-plane rotation of 180° with respect to each other. Consequently, the pattern remains the same under polarization
conversions from RCP to LCP and from LCP to RCP. b Experimental results of holographic image projection by the metahologram. Three
crosstalk-free holographic images (capital letters “A"to “C") are selectively projected in the far field when the metahologram is illuminated

by a guided incident light with different azimuthal angles 8 (0°, 60°, and 120°). The projected letter remains the same as the polarization state
of the incident light varies. Images under four different representative states of polarization (RCP, LCP, P-pol, and S-pol) are displayed here.
For the images in the same row, their intensity distributions are normalized to the maximum intensity value of all four images

imaging light from the metahologram exhibits a circular
state of polarization having opposite handedness to the
incident light, and at the same time, the projected holo-
graphic image shows the greatest brightness level. More
details are provided in Additional file 1: Part 7.

2.5 Three-channel polarization-independent
metahologram

Moreover, using the same design strategy and meta-
atom structure, we can also implement a three-channel
crosstalk-free polarization-independent metahologram
multiplexed by the azimuthal angle S of the guided
incident light. This is achieved by simply adjusting the
encoded spatial frequency distribution pattern of the
metahologram. Instead of having six different letters as
the target images on the vertices of the regular hexagon,
we now choose to employ the same letter for the paired
two images on the opposite vertices and the images are
further in-plane rotated 180° with respect to each other
(Fig. 7a). In this way, the spatial frequency distribution
pattern is central symmetric with respect to the origin,
and it will remain the same regardless of the polarization
state (circular, linear, elliptical, etc.) of the illumination
light for such geometric-phase-based metahologram in
this study. Therefore, as long as the illuminating guided
light with arbitrary polarization state propagates along
the proper direction to impart the required in-plane
phase gradient over the metahologram, the same target
image will be moved to the k-space center for far-field
holographic projection.

We fabricate such three-channel polarization-inde-
pendent metahologram having the same size as the ear-
lier six-channel device and characterize the device in a
similar manner. The projected images are captured using
the custom-built imaging system when the metaholo-
gram is illuminated by a guided incident light propagat-
ing along one of the three azimuthal directions (V; to
V;). To demonstrate the device’s polarization independ-
ent character, the incident light is successively set to have
four typical states of polarization, namely, RCP, LCP,
P-polarization (electric field vector parallel to the plane
of incidence), and S-polarization (electric field vector
perpendicular to the plane of incidence). More details
about the measurement procedure are provided in Addi-
tional file 1: Part 8. Experimental results (Fig. 7b) show a
consistent preservation of projected images across vary-
ing polarization states of the incident light, and the image
can only be switched through manipulating the azi-
muthal angle of incident light. In addition, the projected
holographic image exhibits certain discernible fluctua-
tions in intensity for illuminating light of the same power
but different states of polarization. The images are notice-
ably brighter when subjected to P-polarized illumination
as opposed to S-polarized illumination. The brightness
of images produced under two circularly-polarized illu-
minations is close to each other and lies intermediary
between the two afore-mentioned cases. Such difference
could be attributed to the fact that a P-polarized guided
light has an electric field component perpendicular to the
glass waveguide surface, which results in more efficient
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interaction between the electric field of incident light and
the meta-atoms atop the waveguide.

2.6 Dual-channel full-color metahologram

In addition to creating multi-channel crosstalk-free
metaholograms having either polarization dependent
or independent responses, we can extend the capabil-
ity of our design by implementing a dual-channel full-
color metahologram multiplexed by the spin of guided
incident light, through capitalizing on the broadband
response characteristic of the employed geometric phase
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modulation method. Our designed metahologram is
engineered to operate under the simultaneous illumina-
tion of red, green, and blue (RGB) lasers, each with free-
space wavelength 1o = 637 nm, 532 nm, and 473 nm,
respectively. The individual RGB components of two
different colored images, namely “lilac” and “rose’, are
encoded into the two distinct sets of angle-multiplexed
channels (Fig. 8a). Due to the inherent dispersive nature
of the geometric phase modulation, the dimension of a
projected image is proportional to the wavelength of illu-
mination. To mitigate such effect and ensure a seamless
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Fig. 8 Dual-channel full-color metahologram. a Left panel: two original colored images of flowers “lilac” and “rose”. Right panel: central-period
spatial frequency distribution pattern encoded on the dual-channel full-color metahologram for normal illumination under polarization conversion
from RCP to LCP. b Schematic of the custom-built imaging system for recording the projected holographic images by the color metahologram. RGB
laser beams are simultaneously coupled into the glass waveguide from three adjacent side edges and propagate along three azimuthal directions
(V;, V,, and V5, corresponding to 8=0° 60°, and 120°, respectively). c Experimental results of holographic image projection by the full-color
metahologram. Two crosstalk-free colored images are selectively projected when the metahologram is illuminated simultaneously by RGB guided
incident light all having RCP or LCP spin state. The RGB components of these colored images are also captured by illuminating the metahologram

with the corresponding single-color guided incident light
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overlap of all projected RGB components in free space,
careful adjustments are made to both the sizes and center
locations of different color components in the k-space.
A detailed account of these adjustments and the associ-
ated underlying mechanisms are elaborated in Additional
file 1: Part 9.

We fabricate a dual-channel full-color metahologram
having 3000 x 3000 meta-atoms and occupying a square
area with a side length of 528 um on a 500-pm-thick
fused silica substrate, and subsequently characterize the
device using the custom-built imaging system. As illus-
trated in Fig. 8b, RGB laser beams are simultaneously
coupled into the glass waveguide from three adjacent side
edges and propagate along three azimuthal directions
(Vi, V,, and V5). As expected, the metahologram yields
two distinct, crosstalk-free, and spin-multiplexed colored
images (Fig. 8c), when the states of polarization of three
illumination beams are properly configured as RCP or
LCP. Furthermore, we capture all six RGB constituent
components of the two independent colored holographic
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images by illuminating the metahologram with the cor-
responding laser beam. The recorded images exhibit a
remarkable fidelity to the original encoded ones, aligning
closely with the design intent. It is worth noting that the
projection of multiplexed crosstalk-free colored images
through a non-interleaved metahologram holds immense
potential for a wide array of advanced display applica-
tions [46—48], and has so far remained largely elusive in
prior endeavors. The dual-channel, full-color metaholo-
gram we present herein represents an innovative and
effective approach along this route.

2.7 Eight-channel metahologram

We have demonstrated several high-performance, six-
channel crosstalk-free metaholograms using the pro-
posed k-space translation strategy. Indeed, such design
methodology is universal and can be employed to real-
ize metaholograms hosting more crosstalk-free pro-
jection channels by further expanding the k-space’s
central-period range to properly accommodate more
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Fig. 9 Numerical verification of the eight-channel metahologram. a Central-period spatial frequency distribution patterns encoded

on the eight-channel metahologram for normal incident illumination under polarization conversion from RCP to LCP (left panel) and from LCP

to RCP (right panel), respectively. b Central-period spatial frequency distribution patterns for guided light illumination (a = 55.7°, =22.5°)

under polarization conversion from RCP to LCP (left panel) and from LCP to RCP (right panel), respectively. When the target image “A" or “E"is moved
to the k-space center, all other target images are translated accordingly but still remain in the evanescent-wave region. ¢ Simulated holographic
imaging results of the eight-channel metahologram. Eight crosstalk-free holographic images (capital letters “A”to “H") are selectively projected

in the far field depending on the azimuthal angle 3 (22.5°,67.5°, 112.5°, or 157.5°) and spin (RCP or LCP) of the guided incident light inside the glass

slab
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target images. As an example, we now implement an
eight-channel device and evaluate its performance
through numerical simulation. Similar to the case of six-
channel metahologram, the device’s eight target images
are designed to locate on the vertices of a regular octa-
gon with a side length of 1.2, whose center is located at
the origin of the normalized k-space coordinate system
(Fig. 9a). Each target image is located inside a circular
area with a radius r,=0.2, and the center of each image
has a distance d ~ 1.57 away from the origin. To ensure
that all remaining images are still outside the propaga-
tion-wave region when a given target image is translated
to the k-space center, the central-period region is now
chosen to range from -2.05 to 2.05 along the two coor-
dinate axes (ky/ko and ky/ko). Associated design details
are elaborated in Additional file 1: Part 10. Consider the
same free-space illuminating wavelength 1o = 637 nm,
the designed range of the central-period region leads to a
meta-atom pitch of 155 nm. To still employ poly-Si as the
constituent material and the geometric phase modulation
as the encoding method, the structural parameters (D,
D,, H) of the nanopillar are optimized as (110 nm, 40 nm,
280 nm).

In order to move a given target image to the k-space
center for holographic projection normal to the device
plane, a translation distance d; = d ~ 1.57 is required.
Such translation distance corresponds to an in-plane
phase gradient p, =d; - ko ~ 1.57 ko, which suggests
that the planar waveguide needs to have a refrac-
tive index larger than 1.57. This can be easily accom-
modated by using high-refractive-index glass, which
have already been employed for manufacturing wave-
guide components in large-FOV AR displays [49, 50].
In this study, we select Schott N-LASF46 as the wave-
guide material, which exhibits an index n; ~ 1.90 at the
metahologram operating wavelength /o = 637 nm. The
illuminating guided light will be conveyed inside the
Schott N-LASF46 glass waveguide by a TIR angle a =
arcsin(pg/kong) =~ 56.3°. For such metahologram, when
the guided illuminating light has a proper azimuthal
angle 8 (22.5°, 67.5°, 112.5°, or 157.5°), and a circu-
lar polarization (RCP or LCP), one of the eight target
images can be selectively moved to the k-space center
and get projected normally off the metahologram, while
all other target images remain in the evanescent-wave
region. Figure 9b shows the central-period spatial fre-
quency distribution patterns for f=22.5° as an exam-
ple. By varying the azimuthal angle and spin state of the
guided incident light, the designed metahologram can
project eight crosstalk-free holographic images into the
far field (Fig. 9c). More details of the simulation process
are elaborated in Additional file 1: Part 10.
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3 Discussion

We would like to highlight that the proposed k-space
translation strategy is also compatible with other mul-
tiplexing techniques such as OAM multiplexing. In this
way, the number of display channels can be significantly
extended. As a proof of concept, we employ three OAM
light beams respectively with topological charges [51]
(an integer number of 2n phase changes on a closed loop
around the optical vortex) ranging from 1 to 3 and dem-
onstrate an eighteen-channel metahologram multiplexed
by state of polarization, angle of incidence, and OAM
simultaneously. The associated details are elaborated in
Additional file 1: Part 11.

In conclusion, our study introduces an innovative
class of waveguide-based multi-channel metaholograms
capable of projecting six independent and crosstalk-
free holographic images when illuminated by a guided
light featuring different combinations of spin state and
azimuthal angle. Expanding on the proposed k-space
translation strategy, we also showcase three-channel
polarization-independent metaholograms and two-chan-
nel full-color metaholograms. Furthermore, we illustrate
the potential of extending the number of multiplex-
ing channels by expanding the k-space’s central-period
region or combining the k-space translation strategy with
other multiplexing techniques such as OAM multiplex-
ing. In comparison to previously reported multi-channel
metahologram designs which typically utilize one single
state parameter, our design can simultaneously and effec-
tively employ two fundamental state parameters of inci-
dent light—angle of incidence and state of polarization,
and excel in hosting a greater number of display channels,
eliminating inter-channel crosstalk, and unlocking vari-
ous functionalities including polarization-multiplexed
display, polarization-independent display, and full-color
(RGB) display. Moreover, by the simple fact that only the
metahologram-modulated light gets coupled out of the
waveguide slab to form the projected image, our device
is free of directly-transmitted residual light, a common
issue in many metaholograms. This work provides a novel
route towards creating metaholograms with enhanced
information capacity and improved imaging fidelity, and
hold substantial promise for diverse applications in com-
pact display and information storage devices.

4 Methods

4.1 Device fabrication

A 280-nm-thick poly-Si layer is deposited on fused silica
substrate through low pressure chemical vapor deposi-
tion (LPCVD). A ~75-nm-thick layer of negative tone
hydrogen silesquioxane (HSQ) resist derived from dry
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silica resin (H-SiO,) in Methyl isobutyl ketone (MIBK)
carrier solvent is spin-coated on the substrate, followed
by a 120°C bake for 2 min for high contrast and sensi-
tivity at low exposure dose. Then, a~40-nm-thick anti-
charging layer (DisCharge H,O) is spin-coated on the
substrate. A 100 keV electron beam lithography system is
used to expose the metasurface patterns. After the expo-
sure, the anti-charging layer is removed by soaking the
sample in deionized (DI) water for 45 s with gentle agi-
tation, followed by drying off in compressed ultra-pure
N, gas. The electron beam resist is developed by soak-
ing the sample in 2.2% tetramethylammonium hydroxide
(TMAH) solvent for 45 s, followed by DI water rinsing for
30 s and ultra-pure N, gas drying. Using the developed
HSQ layer as the etch mask, inductively coupled-plasma
(ICP) reactive ion etching is performed to transfer the
metasurface pattern into the poly-Si layer. After the ICP
etching, the residual HSQ layer is estimated to be less
than 20 nm in thickness, which possesses minimal influ-
ence over the metasurface performance. The associated
details are elaborated in Additional file 1: Section Part
12. The metasurface fabrication process concludes with
cleaning the sample successively with solvent soaking and
oxygen (O,) plasma treatment.

4.2 Device characterization

To characterize the metahologram, we employ a contin-
uous-wave (CW) semi-conductor laser (19 = 637 nm) as
the red-light source, and two CW diode-pumped solid-
state lasers (4o = 532 nm and 473 nm) as the green- and
blue-light sources, respectively. Broadband polarizers
and quarter-wave plates that can operate over the vis-
ible range are used in the custom-built imaging system to
modulate the polarization state of incident light. A com-
plementary metal-oxide—semiconductor (CMOS) cam-
era that can response over the visible and capture 12-bit
full-color images with a resolution of 3072 %2048 is used
to record the projected holographic images.
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