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defect is presented in Nd, Ho, Tm, and Er:NaYF4@NaYF4
core–shell nanoparticles in ref. 24. Fluoride vacancies
and/or fluoride Frenkel defects (vacancy–interstitial
pairs) could be formed (see Fig. 2 in ref. 24). Some con-
troversy still remains for these wide-bandgap hosts as in
another recent work, Zhuang et al.25 explain (see Fig. 2a,
b in ref. 25) that the persistent luminescence mechanism
occurs by global model but notice that there is some
discrepancy in the bandgap value of NaYF4 fluoride host,
13 eV reported in ref. 21 (see SI7 in ref. 21) in regard to
12 eV in25, while charge carriers are not easily delocalized
in these compounds. Furthermore, as reported by
Li et al.22, global model cannot well explain the persistent
luminescence for the fluoride hosts doped with Gd3+,
then efforts are still required to better model this amaz-
ing phenomenon taking into account either a Physics or
material Chemistry point of view.
Through an appropriate selection of the Ln3+ element in

the synthesis of fluoride or phosphate hosts, a wide range of
persistent luminescence emission, from 200 nm up to
1.7 µm, can be obtained after X-ray excitation (30mA,
40 kV). Since the photon counts are much higher when
materials are exposed to X-rays when compared to another
light source, persistent phosphors developed by Li et al.
should have many applications22 among those listed in Fig. 1.
UV light irradiation in the 200–400 nm region may pose

considerable phototoxicity to living cells. One way to

solve this problem is to use materials that are excited at
smaller wavelengths while emitting deep UV. Ce3+- or
Gd3+-doped NaYF4 have the capability of UV emission at
250 or 300 nm after being excited by X-rays. Such phos-
phors are likely to find applications, for example, in
photoclick chemistry for which high energy over a long
time is needed to create covalent bonds26. But other
applications for which high energy is required could also
be envisioned, such as sterilization and disinfection27.
When moving to the visible range, such presented X-

ray-activated phosphors should also find applications
either in vitro for the development of biosensors28 or
in vivo for imaging29 as well as in therapy30. Bioimaging
applications can be improved when using probes emitting
in BW-I (650–980 nm) or with nanoparticles emitting in
BW-II (1000–1600 nm) since this allows imaging of dee-
per tissues and it gives access to images with better spatial
resolution24. Here again, the luminescent phosphors
developed by Li et al. could be particularly useful. In
addition to these applications in biology, many more
applications of luminescent phosphors excited by X-rays
can be envisioned not only for anti-counterfeiting, infor-
mation storage, and security25 but also in cryopreserva-
tion and photocatalysis31.
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Fig. 1 Emission wavelength of Ln3+-doped persistent fluorides or phosphates after X-ray excitation and possible applications. Adapted
from the original manuscript ref. 22
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Persistent X-ray-activated phosphors: mechanisms
and applications
Cyrille Richard1✉ and Bruno Viana2✉

Abstract
Trivalent lanthanides in wide bandgap fluoride or phosphate hosts can present persistent luminescence between
200 nm and 1.7 µm after charging by X-rays. Mechanisms are reviewed and applications envisioned.

Persistent luminescence is controlled by a slow libera-
tion of trapped charge carriers at body temperature by a
simple thermal de-excitation process. It can last for a few
minutes to hours after the removal of the excitation
source. The persistent luminescence mechanisms can be
envisioned from Physics or Chemistry points of view. With
material Chemistry vision, two main strategies are envi-
sioned for the trapping process which is the initial and very
important step: first, the intrinsic defects and the optimi-
zation of the trapping by stoichiometric variation and
thermal annealing, and second, a trap optimization by co-
doping. This latter strategy has been intensively tested to
enhance the persistent luminescence, most of the time by
co-doping with one or two lanthanides cations. Following
these two distinctive approaches, the physics behind the
persistent luminescence mechanisms is not simple and
several different models have been proposed during the
past years1–6. A global model in which the transfer of the
trapped/detrapped charges occurs through the conduction
or valence bands, or with both7. In that case, block func-
tions of the carriers are delocalized and indeed this model
can be named a global model8. Materials with intermediate
bandgap values ranging between 3 and 7 eV such as sul-
fide, oxysulfide, and oxides, namely, garnets, gallate,
phosphates, aluminates., etc. required ultraviolet (UV)/

blue light for efficient charging through the bandgap and
in that case, the so-called bandgap engineering could
generally be applied1,7,9. On the contrary, a local model
considers a direct electron transfer between activator and
trapping centers10,11. Arguments for the two models are
now well established and the energy required for the
charging process, for instance, could control the process:
high energy for global model while low energy is asso-
ciated with local defect such as antisites, for instance, that
are well established in garnets12–15, perovskite16, and spi-
nel materials17,18. Calculations as proposed in ref. 19 fur-
ther validate the so-called local model.
Very recently, X-rays have been used as charging light

in various materials. In materials that could also be
charged by UV or/and visible light such as ZnGa2O4:Cr,
but also in wide bandgap materials which cannot be
charged by usual lamps due to their large bandgap
(>12 eV)20. These materials are mainly fluorides such as
NaLnF4 (Ln= Lu, Y, Gd, La) with bandgap values in the
range 12–14 eV21,22. In that case, local trapping and
detrapping model could well explain the observed per-
sistent luminescence. Li et al. described the local defects
in wide bandgap materials such as in NaYF4:Ln

3+-doped
materials with anions vacancies22 created under X-ray
charging. Notice that the efficiency of such charging can
be very high in these nanomaterials as measured in Na
(Gd,Lu)F4:Tb

3+ to be 2.8 × 1016 photons/g23, which is
surprisingly high for nano-sized particles and comparable
to the commercial SrAl2O4:Eu

2+,Dy3+ bulk persistent
phosphor where the global model is the most relevant
(de)trapping model. Another remarkable example of local
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defect is presented in Nd, Ho, Tm, and Er:NaYF4@NaYF4
core–shell nanoparticles in ref. 24. Fluoride vacancies
and/or fluoride Frenkel defects (vacancy–interstitial
pairs) could be formed (see Fig. 2 in ref. 24). Some con-
troversy still remains for these wide-bandgap hosts as in
another recent work, Zhuang et al.25 explain (see Fig. 2a,
b in ref. 25) that the persistent luminescence mechanism
occurs by global model but notice that there is some
discrepancy in the bandgap value of NaYF4 fluoride host,
13 eV reported in ref. 21 (see SI7 in ref. 21) in regard to
12 eV in25, while charge carriers are not easily delocalized
in these compounds. Furthermore, as reported by
Li et al.22, global model cannot well explain the persistent
luminescence for the fluoride hosts doped with Gd3+,
then efforts are still required to better model this amaz-
ing phenomenon taking into account either a Physics or
material Chemistry point of view.
Through an appropriate selection of the Ln3+ element in

the synthesis of fluoride or phosphate hosts, a wide range of
persistent luminescence emission, from 200 nm up to
1.7 µm, can be obtained after X-ray excitation (30mA,
40 kV). Since the photon counts are much higher when
materials are exposed to X-rays when compared to another
light source, persistent phosphors developed by Li et al.
should have many applications22 among those listed in Fig. 1.
UV light irradiation in the 200–400 nm region may pose

considerable phototoxicity to living cells. One way to

solve this problem is to use materials that are excited at
smaller wavelengths while emitting deep UV. Ce3+- or
Gd3+-doped NaYF4 have the capability of UV emission at
250 or 300 nm after being excited by X-rays. Such phos-
phors are likely to find applications, for example, in
photoclick chemistry for which high energy over a long
time is needed to create covalent bonds26. But other
applications for which high energy is required could also
be envisioned, such as sterilization and disinfection27.
When moving to the visible range, such presented X-

ray-activated phosphors should also find applications
either in vitro for the development of biosensors28 or
in vivo for imaging29 as well as in therapy30. Bioimaging
applications can be improved when using probes emitting
in BW-I (650–980 nm) or with nanoparticles emitting in
BW-II (1000–1600 nm) since this allows imaging of dee-
per tissues and it gives access to images with better spatial
resolution24. Here again, the luminescent phosphors
developed by Li et al. could be particularly useful. In
addition to these applications in biology, many more
applications of luminescent phosphors excited by X-rays
can be envisioned not only for anti-counterfeiting, infor-
mation storage, and security25 but also in cryopreserva-
tion and photocatalysis31.
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Fig. 1 Emission wavelength of Ln3+-doped persistent fluorides or phosphates after X-ray excitation and possible applications. Adapted
from the original manuscript ref. 22
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Abstract
Trivalent lanthanides in wide bandgap fluoride or phosphate hosts can present persistent luminescence between
200 nm and 1.7 µm after charging by X-rays. Mechanisms are reviewed and applications envisioned.

Persistent luminescence is controlled by a slow libera-
tion of trapped charge carriers at body temperature by a
simple thermal de-excitation process. It can last for a few
minutes to hours after the removal of the excitation
source. The persistent luminescence mechanisms can be
envisioned from Physics or Chemistry points of view. With
material Chemistry vision, two main strategies are envi-
sioned for the trapping process which is the initial and very
important step: first, the intrinsic defects and the optimi-
zation of the trapping by stoichiometric variation and
thermal annealing, and second, a trap optimization by co-
doping. This latter strategy has been intensively tested to
enhance the persistent luminescence, most of the time by
co-doping with one or two lanthanides cations. Following
these two distinctive approaches, the physics behind the
persistent luminescence mechanisms is not simple and
several different models have been proposed during the
past years1–6. A global model in which the transfer of the
trapped/detrapped charges occurs through the conduction
or valence bands, or with both7. In that case, block func-
tions of the carriers are delocalized and indeed this model
can be named a global model8. Materials with intermediate
bandgap values ranging between 3 and 7 eV such as sul-
fide, oxysulfide, and oxides, namely, garnets, gallate,
phosphates, aluminates., etc. required ultraviolet (UV)/

blue light for efficient charging through the bandgap and
in that case, the so-called bandgap engineering could
generally be applied1,7,9. On the contrary, a local model
considers a direct electron transfer between activator and
trapping centers10,11. Arguments for the two models are
now well established and the energy required for the
charging process, for instance, could control the process:
high energy for global model while low energy is asso-
ciated with local defect such as antisites, for instance, that
are well established in garnets12–15, perovskite16, and spi-
nel materials17,18. Calculations as proposed in ref. 19 fur-
ther validate the so-called local model.
Very recently, X-rays have been used as charging light

in various materials. In materials that could also be
charged by UV or/and visible light such as ZnGa2O4:Cr,
but also in wide bandgap materials which cannot be
charged by usual lamps due to their large bandgap
(>12 eV)20. These materials are mainly fluorides such as
NaLnF4 (Ln= Lu, Y, Gd, La) with bandgap values in the
range 12–14 eV21,22. In that case, local trapping and
detrapping model could well explain the observed per-
sistent luminescence. Li et al. described the local defects
in wide bandgap materials such as in NaYF4:Ln

3+-doped
materials with anions vacancies22 created under X-ray
charging. Notice that the efficiency of such charging can
be very high in these nanomaterials as measured in Na
(Gd,Lu)F4:Tb

3+ to be 2.8 × 1016 photons/g23, which is
surprisingly high for nano-sized particles and comparable
to the commercial SrAl2O4:Eu

2+,Dy3+ bulk persistent
phosphor where the global model is the most relevant
(de)trapping model. Another remarkable example of local
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Closing the THz gap with Dirac semimetals
Carlo Rizza 1✉ and Alessandro Molle2

Abstract
High-performance THz photodetection is unprecedentedly accessed by integrating a topological Dirac (Weyl)
semimetal in a carefully designed antenna at deep-subwavelength scales.

In recent years, there has been a surge of interest in the
THz spectral regime (from 300 Hz to 30 THz) since effi-
cient electronic and photonic materials are traditionally
not available in this frequency range. Conventional elec-
tronic materials are too slowly responsive for THz
optoelectronics, and mainstream optoelectronic and
photonic devices (lasers, photodetectors, modulators, etc.)
operating in the visible and infrared ranges cannot be
trivially recast to the THz band owing to intrinsic physical
constraints1. For example, III–V or group IV semi-
conductors, widely exploited in several optical devices,
exhibit an energy bandgap out of the THz spectral range,
and this specific strongly hampers the devising of active
THz optoelectronic components.
To overcome these limitations, research efforts are cur-

rently focused on novel THz materials with unusual and
advantageous properties. THz metamaterials, designer-
made composite materials showing a resonant response at
the desired THz frequency, provide a suitable platform to
manipulate THz radiation2,3. However, despite the THz
responsivity, metamaterials (generally studied for their
effective, spatially averaged, properties) exhibit undesired
deep-subwavelength spatial modulations4, which can be
detrimental for miniaturized on-chip optoelectronic devi-
ces. An alternate fashion of technology-amenable THz
materials was inspired by graphene5, closely followed up by
three-dimensional (3D) topological insulators6–10, where

linearly dispersing fermions can be excited by low-energy
photons. Recently, a new frontier of topological materials
has emerged. Especially, topological Dirac (Weyl) semi-
metals have attracted a good deal of attention since they
exhibit topologically protected crossing points, termed
Dirac (Weyl) nodes, between four-fold degenerate (two-fold
non-degenerate) linearly dispersing energy bands in their
3D electronic structure11. Topological semimetals offer
unprecedented perspectives to tune the light-matter inter-
action at extremely low photon energy (even down to the
THz regime)12,13. In this context, a subclass of van der
Waals solids consisting of transition-metal dichalcogenides
TMX2 (TM=Mo, W, Pd, Pt; X= Se, Te), plays an out-
standing role since they may assume allotropic phases
hosting Lorentz-violating (type-II) topological Dirac or
Weyl fermions in bulk crystal14 and potentially in the form
of thin-films on substrates15. In these materials, the Dirac
(Weyl) nodes are no longer pinned to the high-symmetry
points of the crystal lattice, and they emerge at the
boundary between electron and hole pockets arising from
band intersections with the Fermi surface.
In ref. 16, Wang et al. set a milestone in THz technology

by proposing the integration of the type-II Dirac semimetal
PtSe2 in a high-performance THz photodetector, realizing
a suitable nanometric antenna layout (see Fig. 1 as a gen-
eral scheme of device operation). PtSe2 exhibits solid
advantages as THz material. PtSe2 is stable against envir-
onmental degradation in the month timescale, thus
ensuring the endurance of the topological character after
integration into a technology platform. Its topological type-
II Dirac semimetal character has been well-established
by angle-resolved band structure investigations of
tilted Dirac cones with broken Lorentz symmetry17,18.
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