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Wearable displays or head-mounted displays (HMDs) have the
ability to create a virtual image in the field of view of one or both
eyes. Such displays constitute the main platform for numerous
virtual reality (VR)- and augmented reality (AR)-based applications.
Meta-holographic displays integrated with AR technology have
potential applications in the advertising, media, and healthcare
sectors. In the previous decade, dielectric metasurfaces emerged
as a suitable choice for designing compact devices for highly
efficient displays. However, the small conversion efficiency, nar-
row bandwidth, and costly fabrication procedures limit the devi-
ce’s functionalities. Here, we proposed a spin-isolated dielectric
multi-functional metasurface operating at broadband optical
wavelengths with high transmission efficiency in the ultraviolet
(UV) and visible (Vis) regimes. The proposed metasurface
comprised silicon nitride (SizN4)-based meta-atoms with high
bandgap, i.e., ~ 5.9 eV, and encoded two holographic phase
profiles. Previously, the multiple pieces of holographic informa-
tion incorporated in the metasurfaces using interleaved and layer
stacking techniques resulted in noisy and low-efficiency outputs.
A single planar metasurface integrated with a liquid crystal was
demonstrated numerically and experimentally in the current
work to validate the spin-isolated dynamic UV-Vis holographic
information at broadband wavelengths. In our opinion, the
proposed metasurface can have promising applications in health-
care, optical security encryption, anti-counterfeiting, and UV-Vis
nanophotonics.
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meta-holographic displays with liquid crystal

Agsa Asad,® Joohoon Kim,#° Hafiz Saad Khalig, > Nasir Mahmood,®
Jehan Akbar,® Muhammad Tariq Saeed Chani,’ Yeseul Kim,
*3 Muhammad Qasim Mehmood,

° Dongmin Jeon,”
*@ Yehia Massoud*® and

New concepts

Integrating meta-holographic displays with AR technology can have potential
applications in advertising, media, and especially healthcare sectors for bio-
medical imaging, training, and education. Previously, dielectric meta-nano
surfaces emerged as the suitable choice for designing compact devices for
highly efficient displays. However, the essential factors limiting the device
functionality are low conversion efficiency, narrow bandwidth, and costly
fabrication procedures. We demonstrated a spin-isolated dielectric multi-
functional planar nano-surface operating at broadband optical wavelengths
with high transmission efficiency in the ultraviolet (UV) and visible (Vis)
regimes. The proposed nano-surface comprised silicon nitride (Si;N,)-based
meta-atoms with a high bandgap, ie.,, ~5.9 eV, and encoded two distinct
holographic phase profiles in a single metasurface using a single engineered
meta-atom. Moreover, integrating the proposed nano-surface with a liquid
crystal was demonstrated numerically and experimentally to reproduce spin-
isolated dynamic holographic information at broadband UV-Vis wavelengths.
This research may pave the way toward designing highly efficient multi-
functional meta-devices to produce dynamic next-generation UV-Vis
holographic displays for promising applications in healthcare, media, smart
security, and data encryption.

Introduction

The variegated design phenomena of metasurfaces to simulta-
neously manipulate the intrinsic properties (amplitude, polarization,
and phase) of light via subwavelength nano-resonators, enable
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Liquid Crystal (LC) Cell

Fig. 1 Artistic view of the working principle of the proposed platform. The proposed meta-platform integrated with a liquid crystal (LC) provided
dynamic spin-isolated meta-holograms at broadband wavelengths in UV and visible regimes. The inset shows the electrically tunable LC cell with linearly

polarized light illumination.

them to outperform conventional optical components.'™® Meta-
surfaces have previously been shown to constitute an efficient
and compact solution for meta-holographic displays.'®™"*
Consequently, on-chip realization of such metasurfaces can pro-
vide wearable or head-mounted displays (HMDs) for promising
applications in augmented reality (AR) and virtual reality (VR).">™*
Moreover, such displays have promising applications in healthcare
for bio-imaging, the advertisement industry, data encryption, etc.
In the last decade, metasurfaces have garnered considerable
attention for targeting versatile functionalities like vortex beam
generation,'®" lenses,*! novel light structuring,””° and color
filters.>'>*

Furthermore, based on design methodologies, numerous
metasurfaces have been demonstrated for meta-holographic dis-
plays using metallic and dielectric nano-resonators.*>*! However,
dielectrics emerged as the suitable choice to mitigate the limita-
tion of low efficiency in plasmonic-based metasurfaces.**™*® Then,
there were many reports on the construction of meta-holograms in
the visible (Vis) and terahertz (THz) regimes.'>*>*”~*° But a few
groups have reported metasurfaces at ultraviolet (UV) wavelengths
suffering from low efficiency, and the need to contend with costly
and complex fabrication procedures.’® For example, a broad-
band dielectric metasurface comprising silicon (Si) meta-atoms
designed at UV wavelengths has been reported to exhibit an
efficiency of ~30%, attributed to the high extinction coefficient
in the UV regime.”

To overcome this low efficiency, researchers have developed
aluminum nitride (Al,N;)-based,*® niobium pentoxide (Nb,Os)-
based,>* and hafnium dioxide (HfO,)-based> metasurfaces in the
UV regime. However, such metasurfaces either require complex
and costly fabrication or cannot provide high efficiency at deep
UV wavelengths. In short, to the best of our knowledge, an all-
dielectric, highly efficient single metasurface working in UV-Vis
regimes, including the extra degree of freedom to incorporate
spin-isolated multiple meta-holographic information, has not
been reported yet.
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Here, we propose a multi-functional metasurface designed
with silicon nitride (SizN,4)-based meta-atoms for the realization
of simultaneous conversion of amplitude, polarization, and
phase in terms of meta-holographic displays at broadband
UV-Vis wavelengths. The high refractive index (n), band gap
energy of 5.9 eV, and negligible extinction coefficient (k) of
SizN, make it transparent for the whole UV regime. Moreover,
the proposed metasurface providing fabrication ease with a
maximum conversion efficiency in transmission exceeding
80%. Various aspects of the liquid crystal integrated single
planar metasurface were characterized numerically and experi-
mentally, including its multi-functionality allowing it to reproduce
spin-isolated dynamic holographic information. As a result, it can
provide distinct holographic information for right circularly polar-
ized (RCP) light and left circularly polarized (LCP) light with a
broadband optical response at UV-Vis wavelengths. An artistic view
of the proposed dynamic meta-platform providing holograms at
UV-Vis wavelengths is demonstrated in Fig. 1.

Results and discussion

In designing the meta-atom of any metasurface, the key factor
is selecting a material with a high refractive index n and low
extinction coefficient k to introduce the ability to confine light
well enough with low absorption at the working wavelengths.
The bandgap energies of the different materials studied in the
current work are shown in Fig. 2(a). These energy levels can
provide a range of loss-less wavelength or transparent window.
The bandgap energy of Si;N, is higher than those of the other
dielectric materials such as Nb,Os;, HFO,, and Si, and hence
can provide transparency across a wide range of ultraviolet (UV)
and visible wavelengths. Al;N, can provide transparency at
deep UV wavelengths, due to its relatively high bandgap, but
its fabrication is complex and costly. The anisotropic meta-
atom used as the building block of the proposed metasurface is

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Design and optimization of meta-atom at broadband UV-Vis wavelengths. (a) Bandgap energy values of silicon nitride (SisN4), niobium pentoxide
(Nb2Os), hafnium dioxide (HFO,), aluminum nitride (AlsNg4), and silicon (Si) to check the transparency window at optical wavelengths. (b) Three-
dimensional (3D) view of the meta-atom designed for broadband UV-Vis wavelengths. (c) Plots showing wavelength dependences of refractive index and
extinction coefficient of SisN4 used to optimize the meta-atom. (d—i) Cross-polarized transmissions of the meta-atom at wavelengths of (d) 303 nm,

(e) 350 nm, (f) 405 nm, (g) 450 nm, (h) 473 nm, and (i) 532 nm.

depicted with its designed parameters in Fig. 2(b). The meta-atom
optimized using Si;N, on an Al,O; substrate to provide broadband
results covering UV and visible regimes. The refractive index (1)
and extinction coefficient (k) of Si;N, are shown in Fig. 2(c).

The simulated cross-polarized transmission efficiency of the
meta-atom is depicted in Fig. 2(d)-(i) at UV and visible wave-
lengths (303 nm, 350 nm, 405 nm, 450 nm, 473 nm, and
532 nm) for a range of length (L) (130-230 nm) and width (W)
(50-100 nm). The optimal values of the L and W for maximum
transmission at broadband UV-Vis regimes were determined to
be 220 nm and 76 nm, respectively.

The simulated transmission conversion efficiency of the
optimized meta-atom at broadband UV-Vis wavelengths is
depicted in Fig. 3(a). The achieved efficiency exceeded 80% at a
wavelength of 350 nm. Meanwhile, full phase coverage (0-27) was
required to reproduce meta-holographic displays. For this pur-
pose, we utilized the geometric phase modulation technique, also

This journal is © The Royal Society of Chemistry 2023

known as the Pancharatnam-Berry (PB) phase, which states that
the full phase delay 0-2m can be achieved by rotating the
optimized meta-atom in the range 0-n or 0°~180°. The PB phase
design methodology can be explained by applying Jones calculus,
where the Jones matrix can be described as

=[5 3

where T; and T, denote the transmission coefficients for the
polarized incident light along, respectively, the fast and slow axes
of the meta-atom.

The transferred electric field E(L/R) can be expressed as
(Section 1 of ESIt)

Ty + T,
— %

E(L/R) =T s r) + T B oar) )
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Fig. 3 Optimal conversion efficiency of meta-atom and EM-field profiles. (a) Plots of simulated cross-polarized and co-polarized transmission efficiency
values of the meta-atom versus UV-Vis wavelength. (b) Plots of cross-polarized transmission vs. rotation angle of the meta-atom for geometric phase
modulation at working wavelengths. (c) Plots of the geometric phase modulation and full phase coverage at the working wavelengths. (d—k) Simulated
electric and magnetic field profiles at wavelengths of, respectively, (d and e) 303 nm, (f and g) 405 nm, (h and i) 473 nm, and (j and k) 532 nm.

In eqn (2), the first term represents the co-polarized trans-
mitted light with no phase change, whereas the second term
represents the cross-polarized transmitted light with a phase
shift of £2i¢.

From these formulations, it was determined that the full phase
coverage (0-2m) can be attained by changing the orientation angle
of the meta-atom from 0-.

However, in our case for spin-isolated meta-holography, two
distinct phase masks were encoded into the metasurface. This
feature incorporating an extra degree of freedom into the
optimized meta-atoms, to enable the different information to
be obtained when illuminated by CP light with different
handedness. Consequently, the total phase mask needed to
be encoded into the proposed metasurface for forward and
backward direction illumination can be expressed as

¢p = arg[e’r] + argle 8] (3)

where ¢+, ¢r and ¢ denote the total phase and phases for the
forward and backward direction illuminations, respectively.

The total phase profile encoded into the metasurface can be
written as in eqn (4) (Section 1: ESIY),

¢T = arg [ei(tan‘l{tan(A)})] (4)

where 4 = @ eqn (4) was used to implement the spin-

isolated phase profiles of two different pieces of information

762 | Nanoscale Horiz., 2023, 8, 759-766

into a single metasurface for broadband UV-Vis dynamic meta-
holographic displays.

For each of the working wavelengths of the UV and visible
regimes, transmission conversion efficiency and phase as a
function of rotation angle of the meta-atom are depicted in
Fig. 3(b) and (c), respectively. The electric and magnetic dipole
resonances are depicted in Fig. 3(d)-(k) at the working wave-
length of 303 nm, 405 nm, 473 nm, and 532 nm, respectively.
The strong field confinements validated the optimization of the
meta-atom at the broadband UV-Vis wavelengths.

The optimized meta-atom was used to design a metasurface
for spin-encrypted UV-Vis meta-holography. Computer-generated
holograms of images of two renowned scientists (Albert Einstein
and Ahmed Hassan Zewail) are depicted in Fig. 4(a). We thank
Won Jun Choi for designing the image of Ahmed Hassan Zewail
for our use in this holography work. For each image, the phase
mask was embedded into the designed metasurface. The process
for fabricating the proposed UV-Vis metasurface started with the
deposition of a 500-nm-thick layer of Si;N, on a glass substrate
using plasma-enhanced chemical vapor deposition (PECVD).
Then, a chromium (Cr) layer with a thickness of 70 nm was
deposited on SizN, using electron beam evaporation, acting as an
etching mask. Next, acetone was used to lift off the Cr, and the Cr
patterns were transferred onto the Si;N, layer using a dry etching
process. Meanwhile, Cr etchant (CR-7) was used to remove the
remaining Cr etching mask. A schematic of the fabrication
process is shown in Fig. S1 (Section 2: ESI).

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Fabrication and characterization of UV-Vis meta-platform. (a) Computer-generated holograms of images of two renowned Nobel Prize-winning
scientists (Albert Einstein and Ahmed Hassan Zewail) encoded into the spin-encrypted UV-Vis meta-platform. (b) SEM images of the fabricated meta-
platform for dynamic meta-holographic displays. (c) Schematic of the characterization setup of the designed meta-platform integrated with a liquid
crystal (LC). UV and visible lasers at multiple wavelengths for broadband analysis were used as the light source. The light beam from the laser reflected by
the mirrors (M1 and M2) illuminated the LC-integrated meta-platform (LC-MS) after passing through the linear polarizer (LP1). The light beam from LC-MS
was observed at the objective lens (20x lens) to focus the reproduced hologram image on a display screen.

The scanning electron microscope (SEM) images acquired of
a small portion of the fabrication device are depicted in
Fig. 4(b). The total size of the fabricated device was 500 x
500 um?. Fig. 4(c) illustrates the characterization setup for the
fabricated UV-Vis meta-platform. UV and visible lasers were
used as the light source to illuminate the fabricated sample.
The light beam from the laser source was reflected by the
mirrors (M1 and M2) and, after passing through the linear
polarizer (LP1), illuminated the liquid crystal (LC)-integrated
meta-platform (LC-MS). The light beam from the LC-MS was
observed at the objective lens (20x lens) to focus the reproduced
hologram images. The visible light was captured on the screen,
and a UV sensor card was used to capture the UV light.

Fig. 5a depicts the electrically tunable LC cell used to control
the polarization of incident linearly polarized light. The LC-
integrated fabricated sample provided the ability to reproduce
spin-isolated and dynamic holograms in UV and visible
regimes. The absorbance spectra acquired for the used LC cell
are depicted in Fig. S2 (Section 3: ESIf). The experimental
results obtained at the UV (325 nm and 405 nm) and visible
wavelengths (473 nm and 532 nm) are depicted in Fig. 5(b). For
LCP illumination, the meta-platform was used to reproduce the
hologram of Albert Einstein at the working wavelengths in the
UV and visible regimes. In contrast, changing the polarization of
incident light into RCP was carried out to generate a hologram of
Ahmed Hassan Zewail. The measured results at the wavelength
of 450 nm are depicted in Fig. S3 (Section 4: ESIT). The dynamic
generation of spin-isolated holograms with good fidelity proved
the concept of multifunctionality at broadband wavelengths in

This journal is © The Royal Society of Chemistry 2023

UV and visible regimes. The conversion efficiency values for
holograms at multiple wavelengths in the UV and visible
regimes are shown in Fig. 5(c), with a maximum efficiency of
~43% at 325 nm and minimum efficiency of ~16% at 532 nm.
The conversion efficiency was calculated using the formulation
given in eqn (5).

Converison efficiency =

1;;’“‘ x 100 (5)

in

Conclusions

Here, a multi-functional planar dielectric metasurface integrated
with a liquid crystal was demonstrated numerically and experi-
mentally to reproduce spin-isolated dynamic holographic informa-
tion at broadband UV-Vis wavelengths. The proposed metasurface
incorporated two holographic phase profiles using a geometric
phase modulation technique with silicon nitride (Si;N,) meta-
atoms. The high refractive index (1) of Si;N, with a band gap
energy of 5.9 eV and negligible extinction coefficient (k) made it
transparent for the whole UV regime. Hence, the proposed single-
layer metasurface provided for ease of fabrication with a high
transmission conversion efficiency at broadband UV-Vis wave-
lengths with a maximum conversion efficiency of ~80% at a
wavelength of 350 nm. Moreover, it provided distinct holographic
information for right circularly polarized (RCP) and left circularly
polarized (LCP) light with the broadband optical response in UV-
Vis regimes. Such metasurfaces incorporating multiple pieces of
holographic information with polarization-dependent responses

Nanoscale Horiz., 2023, 8, 759-766 | 763
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Fig. 5 Experimental demonstration of fabricated UV-Vis meta-platform. (a) Schematic of the electrically tunable LC cell integrated with the fabricated
meta-platform and behaving as the polarization regulator for dynamic holographic displays. The LC controlled the polarization of incident light to
generate the LCP and RCP light. (b) Measured results at the working wavelengths of 325 nm, 405 nm, 473 nm, and 532 nm in the UV and visible regimes.
For LCP illumination, the encrypted meta-platform reproduced the encoded image of Albert Einstein, whereas the image of Ahmed Hassan Zewail was
generated using RCP incident light. (c) Conversion efficiency values of the reproduced holograms at the UV and visible wavelengths.

can be integrated with AR technology and have promising applica-
tions in optical security encryption, anti-counterfeiting, UV nano-
photonics, advertisements, the media industry, and specifically in
the healthcare sector.'>"”
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