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Abstract. Quantum technologies rely on creating and manipulating entangled sources, which are essential for
quantum information, communication, and imaging. By integrating quantum technologies and all-dielectric
metasurfaces, the performance of miniature display devices can be enhanced to a higher level. Miniature
display technology, such as virtual reality display, has achieved original commercial success, and was
initially applied to immersive games and interactive scenes. While the consumer market has quickly
adopted this technology, several areas remain for improvement, including concerns around bulkiness,
dual-channel display, and noise reduction. Here, we experimentally realize a quantum meta-hologram
concept demonstration of a miniature display. We fabricate an ultracompact meta-hologram based on
1 um thick titanium dioxide (TiO,). The meta-hologram can be remotely switched with heralding technique
and is robust against noise with the quantum entangled source. The platform can alter the miniature
display channel by manipulating heralding photons’ polarization, removing speckles and multiple reflective
light noise, improving imaging contrast, and potentially decreasing device weight. Imaging contrast
increases from 0.36 dB under speckle noise influences to 6.8 dB in quantum correlation imaging. This
approach has the potential to miniaturize quantum displays and quantum communication devices.
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the satellite is manipulated.” The development of quantum tech-
nology has dramatically changed and will continue changing
our way of life.

In future daily life, miniature display technology, such as
virtual reality (VR), has the greatest potential to become the
interface to the metaverse for human—digital interactions. The
main technical path of VR devices like Fresnel lenses com-
presses the optical element thickness, which we call “miniature
display devices.” Nevertheless, the size of the whole VR device
is somewhat bulky because of its focal length. Pancake optics
significantly reduces device size compared with Fresnel lenses,
as it fully uses optical components for the light propagation

1 Introduction

The core technical trend of quantum technology is to exploit
quantum phenomena such as entanglement for various applica-
tions. This trend has led to significant breakthroughs in preci-
sion measurement, computation, communication, and imaging.
For example, entanglement is the primary quantum resource
for breaking classical measurement limits.' Quantum communi-
cation provides an absolute security channel to protect national
security and personal privacy. The entanglement-based Micius
satellite secures quantum cryptography over 1120 km, even if
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space.” Recently, researchers from NVIDIA proposed a
wearable binocular prototype that delivers a 3D full-color
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holographic near-eye display based on a geometric phase lens in
one polarization channel. This innovative prototype dramati-
cally reduces the weight of miniature display devices down
to 60 g,* which shows a significant improvement in the weight
of VR equipment. Currently, such display technology can be
improved by adopting metasurfaces to become more compact.
By going to a quantum source, it will further open up the pos-
sibility for miniature components for quantum communications
with holographic capacity in storing/transmitting information in
a high dimensional way as a “quantum display” of information.
Users of miniature display devices also need to protect their pri-
vacy, including their viewing habits and biometric data. Thus
the polarization multiplexed channel display is an excellent
choice. A quantum meta-hologram display solution can provide
a dual-channel display while potentially reducing weight.

Metasurfaces are a kind of high-performance platform com-
posed of a subwavelength antenna. They are compact and
friendly in integration.”> Meta-holograms have been widely
developed”™™' under the rising tide of metasurfaces. They can
reach high efficiency and provide vivid displays, especially
after combining them with quantum correlation imaging.*>
Quantum correlation imaging is based on measuring photon cor-
relations. An optical edge detection correlation imaging has been
realized by a high-efficiency dielectric metasurface.” The appar-
ent advantage of quantum correlation imaging is suppressing
classical noise based on an entangled source.”” At the same time,
it is possible to remove the polarizer in the display terminal for
quantum correlation imaging. After processing a coinciding
measurement on its polarization-entangled sister photon, the star
and triangle pattern is viewed individually on a metasurface.** A
metasurface hologram using a heralded quantum source has been
demonstrated.”® Here, using a polarization-entangled photon
pair, one more degree of freedom, the polarization of the herald-
ing photon, can be utilized as a remote control for the hologram
of the signal photon to display.

Here, we experimentally demonstrate a quantum meta-holo-
gram concept demonstration of a miniature display platform.
The platform can provide a dual-channel display, eliminate
noise, improve imaging contrast, and potentially decrease de-
vice weight. We fabricate a high-efficiency polarization depend-
ence hologram based on titanium dioxide (TiO,) and show
outstanding noise suppression in display concept demonstra-
tion. Imaging contrast increases from 0.36 dB under the influ-
ence of speckle noise to 6.8 dB in quantum correlation imaging.
The platform demonstrates the ability to remove multiple reflec-
tive lights, which is a shortcoming of the current miniature
display devices. Our route will offer a novel function to the cur-
rent miniature display devices and a new application area of
quantum technology.

2 Results

2.1 Working Principle and Numerical Simulations

Polarization-entangled photon pairs in a pure state |p) =
1/vV2(|H,V,) + |V,H,)) can be generated from spontaneous
parametric downconversion (SPDC) using a type-II barium bo-
rate (BBO) crystal.”” The subscripts in the formulas “A” and “s”
throughout the paper are the first letters of “heralding” and
“signal,” which are used to distinguish the photons in the her-
alding arm and the signal arm. Note that we use a half-wave
plate (HWP) to correct the polarization rotation of the signal
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Fig. 1 Schematic of quantum heralding meta-holograms of elimi-
nating noise.

photons during transmission within the long fiber. After HWP,
the state becomes |) = 1/v2(|[H,V,) — |V,H,)). Interacting
with the metasurface, the signal photons in horizontal (H) or
vertical (V) polarizations are effectively correlated with the cor-
responding H-hologram |H, CityU) or V-hologram |V,UST)
generated through the metasurface (the two holographic images
in Fig. 1). The meta-holographic metasurface works as an op-
erator M, = |V, UST)(V| + |H, CityU) (H|. The transformation
of the polarization-entangled photon state can be summarized as

i
V2
= [V)4lH. CityU),), M

lw) = (Ih ® M,)|p) = —= (|H),|V. UST),

where the first (second) slot indicates the heralding (signal) pho-
ton, and we also define the density matrix p =|@){¢|. The herald
photon polarizer operator is expressed as P, (0) = |@p)(@p|.
where |@pp) = sin(0)|H) + cos(0)|V). After the polarized detec-
tion of the herald photon, the quantum state of the signal photon
collapses into

N A

ps(0) = T, {[P,,(0) @ M,]p[P,(0) ® M,]'}. )

Thus, the signal photons show up in the designed holo-
graphic display by controlling the herald photon polarizer for
0=0and 0 =nx/2,

Jan/Feb 2024 e Vol. 3(1)



Fan et al.: Dual-channel quantum meta-hologram for display

ps(0) = Tr {[P,(0) ® M,]p[P;,(0) ® M)}

1
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T
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1
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Note that only the desired polarization holographic display
will show in this display prototype. The herald photon polarizer
operator is positioned at # = 0; the hologram |CityU) displays
in |H) polarization; while the herald photon polarizer operator is
positioned at 6 = z/2, the hologram |UST) displays in |V)
polarization.

The working principle above provides an approach to realize
a high-quality holographic display with low noise. It can
improve the current display technologies, including diffractive
optical elements-based Fresnel type, pancake type, and holo-
graphic glass display. However, those methods have bulky
and heavy configurations. The Fresnel-type display has a thick-
ness of several centimeters, at a minimum equal to the focal
length of the display lens. The holographic glass achieves a
thickness of only 2.5 mm.* The all-dielectric metasurfaces have
the potential to overcome the mentioned difficulties through
their advantages, such as thinness, low loss, and subwavelength
structure size.

Titanium dioxide (TiO,) has been widely used in designing
and fabricating metasurfaces in the visible range due to its
excellent material features: high refractive index and low extinc-
tion coefficient. These superior characteristics make TiO, a
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superb candidate for display devices, providing huge phase
modulation amplitude or high transmission. Figure 2(a) shows
the phase of meta-hologram units at wavelengths of 810 nm.
Figure 2(b) presents the simulation intensity of transmission
varies with the size of the meta-hologram unit under an H
polarization light incident with wavelengths of 810 nm. The
phase and transmission resonance in V polarization becomes
symmetrical by swapping width (w) and depth (d) axes. The
label “w/I” in the horizontal axis label denotes the ratio of width
(w) to length (1), whereas the label “d/[” in the vertical axis label
represents the ratio of depth (d) to length (/). The detailed meta-
hologram unit’s phase and transmittance are discussed in the
Appendix and Note 1.1 in the Supplementary Material. The
thickness of TiO, (k) is fixed as 1 pm, and its unit period (/)
is 500 nm, while w and d range from 100 to 450 nm with
10 nm intervals, as shown in the inset of Fig. 2(c). Changing
the unit size will adjust the effective refractive index for specific
dimensions, adding an additional phase for passing light. We can
use two-dimensional (2D) units for two linear polarization holo-
graphic displays. The metaholographic displays consist of holo-
gram images excited by H polarization (H-hologram) and V
polarization (V-hologram). We changed the unit width to match
the phase needs of the H-hologram and changed the depth for the
V-hologram. The phase distribution and meta-hologram unit ar-
rangement for both polarized holograms must match both phase
requirements and ensure transmission efficiency. We use the
Gerchberg—Saxton algorithm'”" to generate a metaholographic
phase profile. Since two channels must be realized in a set of
structural units, we select two polarized phases by minimizing
phase differences, as shown in Note 1.1 in the Supplementary
Material. The units with transmission under 90% are all excluded
while mapping. Black points in Figs. 2(a) and 2(b) are the final
scales used in the metaholographic mapping.
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Fig. 2 Design of metasurfaces and the classical holograms. (a) Unit phase and (b) transmission of
H polarization for (c) metaholographic samples under an optical microscope; inset shows the unit
cell, and scale bar is 500 nm. Black points in panels (a) and (b) are the final scales used in the
metaholographic mapping. Metaholographic gray-scale image from (d) horizontal polarization and
(e) vertical polarization by a gray-scale CCD camera.
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2.2 Experimental Results

Based on the working principle and numerical simulations,
we fabricated meta-holograms by the standard top-down
complementary metal-oxide semiconductor process with
100 ym x 100 ym area and only 1 ym thickness for one
meta-hologram. The metasurface can be directly fabricated
on a glass substrate and significantly reduce the thickness of
the miniature display device. The fabrication process is similar
to previous work,*' as seen in the Appendix and Note 1.2 in
the Supplementary Material. We measured two polarized meta-
holographic images in a classical display prototype. The setup
mainly includes a beam reduction part and a back focal plane
(BFP) imaging part. The beam reduction part decreases the spot
size of the classical incident linear polarized beam (810 nm from
FIU-6, NKT Photonics), smaller than the metasurface sample
size. The shaping of the incident light helps maximize the phase
modulation of the incident light by the fabricated meta-
hologram. After modulating by metasurface, the incident light
dramatically spread and display the designed hologram. As the
display spread angle is large, we use the BFP imaging technol-
ogy to show the image indirectly. An objective lens with a large
numerical aperture (NA = 0.8) is involved and works for the
Fourier transform of the metaholographic sample. A pair of
lenses is used to build a 4f imaging system for collecting
the display image from the BFP of the objective lens (Appendix
and Note 2 in the Supplementary Material). Note that the BFP
imaging part is only used for demonstration, not necessarily in the
final wearable device. The display results are shown in Figs. 2(d)
and 2(e); the H-hologram |CityU) and V-hologram [UST) float
while adjusting an HWP before the beam reduction. Three groups
of metaholographic samples were fabricated. All holographic
efficiencies are higher than 89% experimentally (Note 3.2 in
the Supplementary Material). We select one of them to continue
with the demo. The field of view (FoV) and eye box of this meta-
hologram differ from those of the classical display platform we
discussed in Note 3.4 in the Supplementary Material.

With the polarization-dependent holograms confirmed by
classical light, we now move on to the quantum optical imaging
of the metasurface using entangled photon pairs. This part will
show the ability to alter the display channel by manipulating the
polarization of heralding photons. Figure 3(a) shows the exper-
imental setup for obtaining the heralded holograms. Note that no
polarizer is needed in the imaging (signal) arm, which shows the
potential to further decrease the thickness and weight of minia-
ture display devices. Pairs of polarization-entangled photons of
vertical (V) and horizontal (H) polarizations at 810 nm are gen-
erated by SPDC with a BBO crystal, as shown in the left dashed
box in Fig. 3(a). One photon is sent through the signal arm
[upper light path in Fig. 3(a)], while another is sent through
the heralding arm [lower light path in Fig. 3(a)] with a linear
polarizer for selecting the heralding polarization. The two pho-
tons travel through fibers, one to a single-photon counting mod-
ule to herald the arrival of a photon at the single-photon
avalanche diode (SPAD) camera, while another is sent to the
meta-hologram, and the SPAD camera images the far-field holo-
gram image. The HWP before the meta-hologram is used to cor-
rect the small polarization rotation due to the light traveling
through the long fiber. When the heralding mechanism is turned
on with the SPAD camera, a 10 ns time window of the current
frame is used to register photon arrival events in the signal arm
whenever a photon is registered in the heralding arm. When the
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Fig. 3 Experimental setup for obtaining heralded holograms on
metasurface. (b) Intensity image of hologram obtained with single
photons without heralding. (c) Hologram with heralding photons
of vertical polarization. (d) Hologram with heralding photons
of horizontal polarization. All images are obtained with 6000
100-ms-long 8-bit frames, and the background is subtracted.

heralding mechanism is turned off, photons arriving at any time
are registered.

The hologram generated without heralding signals is imaged in
a total of 6000 frames and is shown in Fig. 3(b). Each frame spans
100 ms, with a maximum of 255 photons per pixel registered in a
single frame. The pixels of letters “CityU” (“UST”) show an
average of 1089 (723) photons per pixel and a contrast of 9.8
(8.0) dB above the background of 115 photon counts (Note 3
in the Supplementary Material). Without heralding, the hologram
captures responses from both Vand H polarizations, independent
of the setting of the polarizer in the heralding arm. We set the
linear polarizer to select V polarization with the heralding mecha-
nism turned on. The hologram is displayed in Fig. 3(c), clearly
showing up only the letters “CityU,” which is generated by H-
polarization photons. On the other hand, when the linear polarizer
is switched to H polarization, the hologram imaged shows “UST,”
the hologram generated by V-polarization. Our use of polarization-
entangled resources is the primary advantage, leveraging the cor-
relation of single-photon pairs. This allows us to achieve dual-
channel display together with remote control capabilities.

To denote the quality of the heralding holograms, we choose
the signal-to-noise ratio (SNR) and Pearson correlation
coefficient to compare the experimental holograms with the
designed ones, which can contain only “CityU” or “UST” or
both letters. In both holograms in Figs. 3(c) and 3(d), the
SNRs and Pearson correlation coefficients achieved are both
4.4 dB and 0.80, indicating distinguishable hologram signals.
We note that an outer frame encloses both holograms, originally
designed in both V- and H-holograms. In comparison, the holo-
gram imaged without heralding photons [Fig. 3(b)] has an SNR
(Pearson correlation coefficient) of 3.1 dB (0.73), which is
lower than that of the heralded holograms. Background noise
can also be effectively reduced by pulsed-light-gated cameras.
They do not gaurantee to display in two independent polariza-
tion channels. Fortunately, our heralding holograms offer a
unique advantage in the form of polarization correlation, which
enables us to select between two polarization channels. With the
ability to remotely select between two channels and achieve
polarization display channel selection simultaneously, we are
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Fig. 4 (a) Intensity hologram under an additional illumination as noise background. (b) Hologram
with heralding photons of horizontal polarization in the same situation. (c) Metaholographic display
influenced by multiple reflective lights. (d) Multiple reflective lights are suppressed significantly

after quantum correlation imaging.

breaking new ground and unlocking new realms of possibility
for imaging and display technology.

An advantage of using the heralding mechanism in generat-
ing polarization-multiplexed holograms lies in its robustness
against noisy environments. We demonstrate this aspect by
experimenting with additional illumination as a noisy back-
ground. Figure 4(a) shows the intensity image of the hologram
without heralding obtained by the SPAD camera. In this case,
the photon number in the background has an average of 837 per
pixel and a standard deviation of 690 with a total of 6000
frames, and the hologram is of low contrast. The pixels of letters
“CityU” (“UST”) show an average of 1666 (908) photons per
pixel and a contrast of 3.0 (0.36) dB. Effective information is
submerged in speckle noise, rendering it indistinguishable in
the display. The SNR dropped from 3.1 dB in Fig. 3(b) to
1.3 dB (0.73 to 0.35 for Pearson correlation coefficient) in
Fig. 4(a). On the other hand, for the hologram with horizontal
heralding photons, as shown in Fig. 4(b), the H-hologram
“UST” can still be clearly seen with a high contrast of
6.8 dB, effectively improved from 0.36 dB under the influence
of speckle noise, and the SNR slightly dropped from 4.4 to
2.4 dB (0.80 to 0.62 for Pearson correlation coefficient), which
is due to the attenuated signals because of the beam splitter and
the accidental arrival of some background photons within the
10 ns heralding detection window.

To further show the potential application in multiple display
cases, we also demonstrate suppressing multiple reflective lights
from surfaces of optical elements.** Here, correlation imaging
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is used to suppress the influence of multiple reflective lights
with additional illumination. We generate multiple reflective
lights with a pair of face-to-face 50:50 beam splitters (Note
2.3 in the Supplementary Material). The multiple reflective
lights influence is shown in Fig. 4(c). Two weaker residual light
spots from multiple reflections appear on the right side of the
normal incident light. After heralding, the multiple reflective
light spots are visibly removed in Fig. 4(d). While our current
quantum meta-hologram-based display platform concept dem-
onstration is limited to displaying two static images of entangled
polarization, the combination of spatial light modulator and our
quantum meta-hologram are aimed at delving deeper into pro-
grammable demonstrations in the future. Although the quantum
light source is very weak for the human eye under the current
situation, stronger quantum light sources are still in develop-
ment. In fact, several ongoing research efforts are to enhance
the performance of quantum light sources, such as using a met-
alens array,”' a resonance metasurface,* and 2D materials.” We
believe our method can benefit from these advances and provide
a novel way of achieving high-quality holographic displays.

3 Discussion and Conclusion

In summary, we presented a quantum meta-hologram-based dis-
play platform concept demonstration of miniature display devi-
ces. The TiO, meta-hologram in quantum correlation imaging
shows outstanding robustness against noisy environments with
ultracompact size in the holographic display process. Imaging
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contrast increases from 0.36 dB in classical imaging under the
influence of speckle noise to 6.8 dB in quantum correlation im-
aging, quantitatively denoting the quality of the quantum her-
alding holographic display in two polarization channels. The
conceptual platform also demonstrates the ability to eliminate
speckle noise and multiple reflective light noises. Furthermore,
the possibility of improving the demonstrated quantum display
device, allowing additional remote control of the information
to be displayed through heralding techniques, is mentioned.
This work presents an ultracompact, friendly, integrated, dual-
channel display and noise elimination display platform concept
by combining meta-hologram and quantum correlation imaging.
Our route will offer a novel function to the current miniature
display devices and a new application area of quantum tech-
nology.

4 Appendix: Online Methods

4.1 Sample Fabrication

The manufacturing process is summarized in Fig. S3 in the
Supplementary Material. First, the 1 gm TiO, film, deposited
on 13 nm ITO, coated with 200 nm photoresist [PMMA A2)]
is patterned by electron beam lithography (Raith Eline 150Plus).
After irradiation, the samples are developed in the developer
solution (MIBK/IPA with a ratio of 1:3) for 30 s. To obtain a
high selection ratio, Cr film is selected as the etching mask:
30 nm Cr film is deposited, then lifted off by remover PG.
Finally, the TiO, cuboid is formalized by the RIE dry-etching
process (Oxford PlasmaPro 800).

4.2 Simulation and Holographic Design

The numerical calculation of the meta-hologram phase unit
is designed by COMSOL Multiphysics. We swept the weight
and depth of a unit and extracted the phase and transmission
of the input linear polarized plane wave in the wavelength do-
main, as shown in Figs. 2(a) and 2(b). We directly flip the
weight and depth, as the unit size is symmetrical for both linear
polarizations. Until now, we have gotten the phase and transmis-
sion of the unit cell.

The next step is generating metaholographic phase mapping.
We use the G-S algorithm to generate phase profiles for both
polarizations separately. As two channels must be realized in a
set of structural units, we select two polarized phases by min-
imizing phase differences. The units that transmittance less than
90% are all excluded while mapping. See Note 1 in the
Supplementary Material for more details.

4.3 Measurement Setup

A classical imaging setup and a quantum correlation imaging
system are built to characterize our meta-holograms. The
classical imaging setup is composed of a beam reduction part
and a BFP imaging part. The beam reduction part decreases
the classical incident linear polarized beam (810 nm from
FIU-6, NKT Photonics) and displays it in a CCD camera.
Such a classical setup is also a part of the quantum correlation
imaging system. We replace the CCD camera with a SPAD array
camera in the quantum correlation imaging system. See Note 2
in the Supplementary Material for more details.
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