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Polarization-controlled optical holography using
flat optics
Arka Majumdar 1 and Shane Colburn1

Abstract
Due to the large number of degrees of freedom offered by nanoscale scatterers, a single flat optic can project different
images at different distances depending on the polarization of the light, opening up opportunities for optical
encryption and augmented reality systems.

It has long been known that images can be stored, com-
pressed, and encrypted using optical holography1; how-
ever, most of these existing optical devices are bulky, and
their information storage capability is often limited. With
the advent of metasurfaces, it is now possible to create
ultracompact optical elements using only a single surface
with a near-wavelength thickness2. Metasurfaces are made
of nanoscale scatterers, each of which can be designed to
independently control the phase, amplitude, polarization,
and spectrum of incident light. By precise engineering of
these scatterers, it is possible to perform different func-
tionalities with a single device, including wavelength-,
angle-, and polarization-multiplexed holography. Almost
all existing metasurface holograms, however, primarily
rely on phase modulation.
The functionality of metasurfaces can be significantly

improved if both the amplitude and phase can be
manipulated together, and it was recently shown that
such capability can provide high spatial-resolution
metasurface holograms3. In that paper, the scatterers
provide phase modulation via their orientation based
on the geometric phase (commonly known as the
Pancharatnam–Berry phase), whereas the amplitude is
modulated via the size and shape of the scatterers. Such
an approach could require more stringent fabrication
tolerances owing to the reduced feature size. In a
recent publication, Deng and coworkers developed a

new way to modulate the amplitude and phase of
incident light using only the orientation of the scat-
terers4. They employed a simple law of polarization,
known as Malus’ law: if linearly polarized light passes
through a polarizer, and the angle between the polar-
ization axes is θ, the output intensity is ~cos2θ.
Combining this with Pancharatnam–Berry phase,
scatterers can be designed to independently control the
phase and amplitude just by changing the orientation
angle of the scatterers while keeping the size fixed. The
fixed size of the scatterers can potentially make the
fabrication process simpler.
Exploiting this independent control of the amplitude

and phase, the authors demonstrated metasurfaces that
can encode one image in the near field (information
coded in the amplitude), whereas a different image can
be projected in the far field (information coded in the
phase) (Fig. 1). By controlling the input polarization of
the light as well as the polarization orientation of the
collected light, an image can be completely hidden in
the far field. Such encoding of information in the
polarization of light using an ultrathin metasurface can
be used in many applications, including in encryption
and augmented reality. For example, using polarization
multiplexing, different information can be displayed in
an augmented reality device in the near and far fields. In
addition to providing potential applications, this work
also helps us to answer a fundamental question about
the information capacity of a metasurface when every
degree of freedom of light is exploited.
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While this work primarily focuses on polarization
multiplexing, the measurements still rely on multiple
macroscopic optics. Cascading multiple metasurfaces
could potentially reduce the overall volume of the optical
system5,6. Finally, the metasurfaces in this work are

determined via a conventional, intuition-driven design
process that may be limited when exploiting multiple
degrees of freedom and multiple polarization channels.
Recently, reported inverse design methods7,8, where
optimization algorithms help realize a specified func-
tionality, could potentially circumvent such challenges.
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Fig. 1 Schematic of the Metasurface. The metasurface fabricated
using metasurfaces exploiting Malus’ law can provide different images
in the near and far fields.

Majumdar and Colburn Light: Science & Applications ����������(2020)�9:134� Page 2 of 2 Xie Light: Science & Applications ����������(2020)�9:155� Official journal of the CIOMP 2047-7538
https://doi.org/10.1038/s41377-020-00394-5 www.nature.com/lsa

NEWS & V I EWS Open Ac ce s s

Light-emitting diodes: brighter NIR-emitting
phosphor making light sources smarter
Rong-Jun Xie 1

Abstract
A brighter near-infrared (NIR) phosphor is achieved by inhibiting the oxidation of Cr3+ and reducing the surface
defects of phosphor particles, enabling the realization of smarter and more sensitive light sources for night vision.

Near-infrared (NIR) spectroscopy is an emerging and
powerful technology for studying organic matter, such as
food and biological tissues. It can be used to quickly and
nondestructively detect organic components by taking
advantage of the characteristic absorption signals of C–H,
O–H, and N–H in the spectral range of 700–1100 nm1,2.
This technology plays key roles in quality monitoring for
foods and medicines, bioimaging, and night vision. Very
recently, small NIR light sources have been proposed to
be applied in smart phones to enable the fast and con-
venient detection of the freshness and safety of food such
as meat, fruits, and vegetables3. Among traditional light
sources such as tungsten filament lamps and halogen
lamps, only light-emitting diodes (LEDs) are suitable for
use in smart NIR devices because of their solid-state and
compact nature. However, NIR-LED chips usually emit
quite a narrow band of NIR light, which hinders their
sensitivity and breadth of application4. To overcome this
disadvantage, an alternative solution is to combine
broadband NIR phosphor(s) with a blue LED chip,
yielding a device known as an NIR-phosphor-converted
(pc) LED. Therefore, the search for and development of
highly efficient NIR phosphors that can be excited by blue
light represent an important challenge5.
The transition metal Cr3+ is an ideal NIR emitter, and

several Cr3+-activated NIR phosphors have been devel-

oped for smart LEDs1,5–9. Among these, garnet-type
phosphors have been intensively investigated due to their
unique capability of luminescence regulation5–9. How-
ever, the overall performance of the garnet NIR phos-
phors reported so far is still not satisfactory for particle
applications. For example, for monitoring and detection,
NIR phosphors should efficiently emit light in an appro-
priate spectral range to guarantee good sensitivity (i.e., a
high conversion efficiency) and show low-temperature
sensitivity in their luminescence to ensure device relia-
bility (i.e., low thermal quenching). Several strategies,
including energy transfer and cationic substitution, have
been proposed that can greatly enhance the conversion
efficiency or enable the manipulation of spectral position
as well as bandwidth, thereby permitting the realization of
NIR-LEDs with high radiant power6–8. However, when
there is no need to modify the emission position of a
phosphor, these methods are not the first choice. Liu and
colleagues have developed a facile way to significantly
improve the quantum efficiency and thermal stability of
Cr3+-doped silicate garnet Ca3Sc2Si3O12 (CSSG:Cr3+)
while maintaining its spectral shape and position10.
Differing from previous approaches, the authors make it

easier to control the trivalent state of Cr, as well as the
crystallinity and morphology of the phosphor particles, by
firing the sample in a CO reducing atmosphere to prevent
the oxidation of Cr3+ and using an appropriate additive to
obtain defect-free phosphors. As a result, the prepared
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