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1S0→
3P1 transition. The process effectively transfers

energy to Ln3+ dopants, to enable multiple emission of
4f–4f transitions that resulted in NIR emissions16.
The synergy of STE broadband emission (400–800 nm)

and narrowband NIR emissions from Ln3+ (Yb3+, Tm3+,
Er3+, and Nd3+) thus induce ultra-broadband continuous
luminescence. As shown in Fig. 1, multiple Ln3+ activators
need to be doped into DPs host, but the energy transfer and
cross-relaxation processes among them typically led to the
energy loss via non-radiative relaxation, resulting in
quenched Ln3+ emissions in the multi-doped DPs17. To
solve the problem, they constructed a unique DPs-in-glass
(DiG) monolithic composite to confine different Ln3+

dopants and avoid their interaction. Specifically, Nd:
Cs2AgInCl6, Yb/Er: Cs2AgInCl6 and Yb/Tm:Cs2AgInCl6
DPs were dispersed into an inorganic glass matrix by low
temperature co-sintering. The above bottom-up strategy
endows the prepared Ln3+-doped DiG with an improved
PLQY of 40% and superior long-term stability.
The DiG was then coupled with commercial 350 nm UV

chip to fabricate lighting devices, representing the record
ultra-broadband light source covering spectral region
from 400 to 2000 nm with full width at half maxima
(FWHM) of ~365 nm (Fig. 1c). Furthermore, Chen et al.
showcase the compact ultra-broadband LED’s (u-LED’s)

applications in nondestructive spectroscopic analysis and
multifunctional lighting13.
The brand-new strategy conceived by Chen et al. thus

provides a powerful toolbox to tailoring multi-Ln3+-
doped DPs to realize efficient ultra-broadband emitters.
The strategy certainly will attract widespread attention
from the whole community, and facilitate their applica-
tion in various fields such as multi-functional lighting,
optical communication, and nondestructive spectral ana-
lysis. The lanthanide-doped lead-free DPs thus represent a
promising candidate for next generation ultra-broadband
light sources.
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Fig. 1 u-LED relying on the synergy of (STE) recombination and Ln3+ dopants’ 4f-4f transitions of the multi-Ln3+-DiG. a Structure diagram of
Bi/Ln:Cs2AgInCl6 DPs. b The ultra-broadband emission mechanisms in Bi/Ln:Cs2AgInCl6 DPs. c PL spectrum of the u-LED device. The inset is the
photographs of the multi-Ln3+-DiG u-LED by visible camera (yellow) and NIR camera (white)
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Lanthanide doped lead-free double perovskites as
the promising next generation ultra-broadband
light sources
Li Zhang1 and Mingjian Yuan 1,2✉

Abstract
Efficient ultra-broadband emitter is realized by using lanthanide ion doping coupled with “DPs-in-glass composite”
(DiG) structure. The synergy of self-trapped exciton together with the energy transition induce this ultra-broadband
emission emerge.

Ultra-broadband emitter is critical to advancing the
applications of light sensing, spectrum analysis, and life
sciences imaging, et al. With the development of high-
capacity optical data communications and ultra-precision
metrology1,2, efficient ultra-bandgap emission becomes
particularly important. Traditional ultra-broadband light
sources generally include halogen tungsten lamps
(HTLs)3, super-luminescent diodes (SLDs)4, ultra-
broadband semiconductor lasers (UBSLs)5, laser-driven
light sources (LDLSs)6, super-continuum light sources
(SCLSs)7, etc. However, many shortcomings still exist,
such as spectral instability, high electrical consumption,
short lifetime, substantial heat generation, and non-
compactness. Hence, alternative ultra-broadband light
sources with outstanding optical and structural proper-
ties are highly demanded.
Metal halide perovskites have attracted widespread

attention due to their outstanding optoelectronic
properties8–10, making them as the promising mono-
chromatic bright emitters. However, toxicity and poor
material stabilities of traditional lead perovskites impede
their further commercialization11. Accordingly, lead-
free halide double perovskites (DPs) have drawn

increasing attention recently owing to their fascinating
optical properties and excellent stabilities. In particular,
lanthanide (Ln3+) ion doping to tailor the optical or
electrical properties of DPs has been well documented,
aiming for their applications in white LED, NIR-LED,
scintillator, anti-counterfeiting, and X-ray detecting12.
The progresses leverage the opportunity to realize ultra-
broadband emission using Ln3+-doped DPs, which has
never been explored.
Chen’s group here reported the pioneer work to realize

ultra-broadband continuous emission from visible to
near-infrared spectral region (400–2000 nm) in Cs2A-
gInCl6 DPs, by combining the self-trapped exciton (STE)
and extra luminescence channel induced by Ln3+ dop-
ing13 (Fig. 1a). In particular, the Bi/Ln co-doped Cs2A-
gInCl6 (Bi/Ln (Ln = Nd, Yb, Er, Tm): Cs2AgInCl6) exhibit
both visible STE and multiple NIR Ln3+ 4f-4f emissions
under excitation14, which enables ultra-broadband emis-
sion (Fig. 1b). Energy transfer mechanism was proposed
to explain the origin of the Ln3+ emission in Bi/Ln:
Cs2AgInCl6 DPs. Notably, Bi3+ doping is critical to
enabling Ln3+ emission, since Bi3+ doping can modulate
the density of states at the band edge, break parity for-
bidden transition of STE states and promote exciton
localization, giving rise to new optical channels at a lower
energy level and promoting efficiency of STE emission15.
Moreover, two intense absorptions transitions of Bi3+

were observed, which were ascribed to the 1S0→
1P1 and
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1S0→
3P1 transition. The process effectively transfers

energy to Ln3+ dopants, to enable multiple emission of
4f–4f transitions that resulted in NIR emissions16.
The synergy of STE broadband emission (400–800 nm)

and narrowband NIR emissions from Ln3+ (Yb3+, Tm3+,
Er3+, and Nd3+) thus induce ultra-broadband continuous
luminescence. As shown in Fig. 1, multiple Ln3+ activators
need to be doped into DPs host, but the energy transfer and
cross-relaxation processes among them typically led to the
energy loss via non-radiative relaxation, resulting in
quenched Ln3+ emissions in the multi-doped DPs17. To
solve the problem, they constructed a unique DPs-in-glass
(DiG) monolithic composite to confine different Ln3+

dopants and avoid their interaction. Specifically, Nd:
Cs2AgInCl6, Yb/Er: Cs2AgInCl6 and Yb/Tm:Cs2AgInCl6
DPs were dispersed into an inorganic glass matrix by low
temperature co-sintering. The above bottom-up strategy
endows the prepared Ln3+-doped DiG with an improved
PLQY of 40% and superior long-term stability.
The DiG was then coupled with commercial 350 nm UV

chip to fabricate lighting devices, representing the record
ultra-broadband light source covering spectral region
from 400 to 2000 nm with full width at half maxima
(FWHM) of ~365 nm (Fig. 1c). Furthermore, Chen et al.
showcase the compact ultra-broadband LED’s (u-LED’s)

applications in nondestructive spectroscopic analysis and
multifunctional lighting13.
The brand-new strategy conceived by Chen et al. thus

provides a powerful toolbox to tailoring multi-Ln3+-
doped DPs to realize efficient ultra-broadband emitters.
The strategy certainly will attract widespread attention
from the whole community, and facilitate their applica-
tion in various fields such as multi-functional lighting,
optical communication, and nondestructive spectral ana-
lysis. The lanthanide-doped lead-free DPs thus represent a
promising candidate for next generation ultra-broadband
light sources.
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Fig. 1 u-LED relying on the synergy of (STE) recombination and Ln3+ dopants’ 4f-4f transitions of the multi-Ln3+-DiG. a Structure diagram of
Bi/Ln:Cs2AgInCl6 DPs. b The ultra-broadband emission mechanisms in Bi/Ln:Cs2AgInCl6 DPs. c PL spectrum of the u-LED device. The inset is the
photographs of the multi-Ln3+-DiG u-LED by visible camera (yellow) and NIR camera (white)
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Ultra-broadband emitter is critical to advancing the
applications of light sensing, spectrum analysis, and life
sciences imaging, et al. With the development of high-
capacity optical data communications and ultra-precision
metrology1,2, efficient ultra-bandgap emission becomes
particularly important. Traditional ultra-broadband light
sources generally include halogen tungsten lamps
(HTLs)3, super-luminescent diodes (SLDs)4, ultra-
broadband semiconductor lasers (UBSLs)5, laser-driven
light sources (LDLSs)6, super-continuum light sources
(SCLSs)7, etc. However, many shortcomings still exist,
such as spectral instability, high electrical consumption,
short lifetime, substantial heat generation, and non-
compactness. Hence, alternative ultra-broadband light
sources with outstanding optical and structural proper-
ties are highly demanded.
Metal halide perovskites have attracted widespread

attention due to their outstanding optoelectronic
properties8–10, making them as the promising mono-
chromatic bright emitters. However, toxicity and poor
material stabilities of traditional lead perovskites impede
their further commercialization11. Accordingly, lead-
free halide double perovskites (DPs) have drawn

increasing attention recently owing to their fascinating
optical properties and excellent stabilities. In particular,
lanthanide (Ln3+) ion doping to tailor the optical or
electrical properties of DPs has been well documented,
aiming for their applications in white LED, NIR-LED,
scintillator, anti-counterfeiting, and X-ray detecting12.
The progresses leverage the opportunity to realize ultra-
broadband emission using Ln3+-doped DPs, which has
never been explored.
Chen’s group here reported the pioneer work to realize

ultra-broadband continuous emission from visible to
near-infrared spectral region (400–2000 nm) in Cs2A-
gInCl6 DPs, by combining the self-trapped exciton (STE)
and extra luminescence channel induced by Ln3+ dop-
ing13 (Fig. 1a). In particular, the Bi/Ln co-doped Cs2A-
gInCl6 (Bi/Ln (Ln = Nd, Yb, Er, Tm): Cs2AgInCl6) exhibit
both visible STE and multiple NIR Ln3+ 4f-4f emissions
under excitation14, which enables ultra-broadband emis-
sion (Fig. 1b). Energy transfer mechanism was proposed
to explain the origin of the Ln3+ emission in Bi/Ln:
Cs2AgInCl6 DPs. Notably, Bi3+ doping is critical to
enabling Ln3+ emission, since Bi3+ doping can modulate
the density of states at the band edge, break parity for-
bidden transition of STE states and promote exciton
localization, giving rise to new optical channels at a lower
energy level and promoting efficiency of STE emission15.
Moreover, two intense absorptions transitions of Bi3+

were observed, which were ascribed to the 1S0→
1P1 and
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Towards a modular and scalable holographic
display
Pierre-Alexandre Blanche 1✉

Abstract
Holographic three-dimensional (3D) display can be made very large using a modular system that allows seamless
spatial tiling of multiple coarse integral holographic images.

The principle of holography is known since 1948 with
the publication of Dennis Gabor1,2 works on the correc-
tion of aberration observed in electron microscopy. The
first recording of holographic images happens in 1961 and
is credited to both the group of Leith and Upatnieks3 as
well as Denisyuk4. This optical recording of holograms
was enabled by the invention of the laser a year earlier5.
Since then, researchers have looked at the way to repro-
duce holographic images using a dynamic system so a
holographic television can be created. This is not a simple
academic exercise, but a matter of achieving the ultimate
3D display6,7. Indeed, holography is a technique that can
reproduce all the necessary visual cues to truly present 3D
image8,9. These cues include motion parallax, occlusions,
and accommodation10.
Even though immense progresses have been made in

the computation of holograms11,12, the optical reproduc-
tion of these 3D holograms has still been lacking. The
main reason for this difficulty is the absence of an elec-
tronic display that satisfies all the conditions needed for
the high fidelity rendering of holograms. Such a display
should have an extremely high number of pixels (about
2 × 1012), and a pixel pitch on the order of the wavelength
(0.5 µm)8. A lesser pixel count will reduce the resolution
of the holographic image, and a larger pixel pitch will
reduce the field of view of the observed image. To give a
sense of scale, a 4 K UHD display has 8 × 106 pixels, and

the smallest pixel pitch in microdisplay is around a few
micrometers.
In a recent paper published by Jin Li, Quinn Smith-

wick, and Daping Chu13, the authors are taking the
approach of making a modular holographic display
that can eventually be scaled up by adding more and
more elements. Dubbed the “Holobricks,” a single ele-
ment of the display has a limited filed of view by itself,
but it can be extended by stacking additional elements
side by side (Figure 1 of ref. 13). At the heart of this
display is the Texas Instruments DMD, which has an
image refresh rate higher than commercially available
liquid crystal micropanels. This high refresh rate is
taken advantage of by the authors to reproduce three
colors (red, green, and blue) using temporal multi-
plexing.One of the difficulties that the authors had to
overcome was to make sure that there was no edge
artifact where the hologram merges. A combination of
pre-compensation calibration method for the hardware
and correcting the reminding error during the compu-
tation of the hologram was used to obtain a good display
quality (Figure 5 of ref. 13).
Although the technique could be set to reproduce

accommodation as well as parallax using layer-based
computer generated hologram, the first demonstrator
presented in the manuscript only demonstrates an
occlusion capable multiview hologram, which does not
include accommodation cues.
Compared to previous systems that use a modular

approach, such as the active tiling holographic display
introduced by Slinger et al.14, each holobrick is only using
a single microdisplay, bypassing the dual stage addressing
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