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Since Niels Ryberg Finsen won the Nobel Prize 120 years ago for his invention of ultraviolet (UV)-based pho-
totherapy for skin tuberculosis (lupus vulgaris), UV has made great strides, benefit from its powerful sterilization
function in the face of the global novel coronavirus epidemic more than 100 years later. Nevertheless, the

Phosphors development of high-efficiency UV materials and devices has encountered tremendous challenges and lags
Carbon dots . L . s . . . . .
Perovskites behind comparable visible light-emitting products. Due to the diversity of UV luminescent materials, the field of

chemistry is still incomplete, which means that much fundamental knowledge remains to be discovered. In the
early days of the exploration of UV photoluminescent materials, rare earth or main group metal ion-activated
phosphors are one of the main candidates because of their simple synthesis methods. Recently, carbon dot-
based nanomaterials as well as perovskite nanocrystals have been shown to achieve narrow band and high
quantum yield. In this review, we systematically review aspects covering the development history, design
principles, classification and applications of all promising UV photoluminescent materials, which may inspire
researchers to explore the great potential of the UV region.

1. Introduction

In 1903, Danish scientist Finsen was awarded the Nobel Prize in
Physiology and Medicine for his contributions to the treatment of lupus
vulgaris with high doses of ultraviolet (UV) radiation. UV luminescent
materials are a kind of electromagnetic radiation with high energy
(200-400 nm) that has attracted extraordinary attention in commercial,
civil and military fields. [1] UV is composed of three regions: UVC
(200-280 nm), UVB (280-320 nm), and UVA (320-400 nm) according
to their emission wavelength. Up to date, material systems and display
lighting devices in visible light (red, green, blue) band have been
developed relatively mature and perfect. However, the research and
development of high efficiency UV light-emitting materials and devices
products is relatively lagging behind. In our view, the evolution of UV
material chemistry involves three distinct phases (Fig. 1a): (I) the dis-
covery phase (1877-1990), (II) the initial development phase
(1990-2005), and (III) the explosive development phase
(2005-present).

The milestones in the development of UV luminescent materials are

* Corresponding authors.

shown in Fig. 1b. In the 1900 s, Finsen’s invention of an arc lamp with
UV emission gave a ray of hope to patients with unusual lupus, making
phototherapy an official medical treatment. With the development of
emerging technologies, the combination of BaSiy0s:Pb%" or SrB4O;:
Eu?" UV emission phosphors with low pressure mercury lamps has
played an important role in photocopying, phototherapy, and tanning.
[2] Currently, UV LEDs composed of carbon dots can achieve a photo-
luminescence quantum efficiency (PLQY) of 63%. [3] In contrast, the
groundbreaking work on graphene quantum dots reported by Tang et al.
in 2012 had only 7-11% PLQY. [4] Later, with the development of
synthesis techniques, quantum dots in the UVB region were realized. In
recent years, rare earth ions activated inorganic oxides have also ach-
ieved persistent luminescence (PersL) in the UVC region for more than
12 hours. [5] And perovskite nanocrystals appear with high purity and
high efficiency, achieving PLQY of > 95%. [6] Each UV light with a
specific wavelength plays an irreplaceable role in industry and medi-
cine, including phototherapy, antibacterial or purification, plant light-
ing, LED, as well as anti-counterfeiting (Fig. 1c).

Although there have been reviews of UV materials in recent years,
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especially in PersL and electroluminescence, a comprehensive discus-
sion of all UV photoluminescent materials, emphasizing the multiple
types of UV luminescent materials, their transition luminescent mech-
anisms, and promising applications, is lacking. To the best of our
knowledge, two overview work on Pr’* ion-activated UV PersL mate-
rials as well as other ion-activated UV PersL materials was conducted by
Mao et al. [7,8] The discussion deals with UV PersL properties of con-
ventional inorganic oxide materials such as Pb%>", Gd®*, ce®*, Bi®*, and
Pri*-actived materials. However, as the new coronavirus dominates the
global agenda, the development of efficient, low-cost and non-toxic UV
LED opens up a new technological pathway for sterilization and water
treatment, which has aroused strong interest among researchers.
Recently, UV has been increasingly applied in the fields of phototherapy
and plant lighting, and the types of materials have expanded from
traditional phosphors to the emerging perovskite nanocrystals and car-
bon dot-based nanomaterials.

This paper first introduces the luminescence principles, design stra-
tegies and challenges of different UV materials, including (i) rare earth
or main group metal ion-activated phosphors; (ii) carbon dot-based
nanomaterials; (iii) perovskite nanocrystals. Then the performance of
UV luminescent materials and related devices is highlighted. In addition,
their applications in different scenarios are summarized. Finally, we
describe current challenges and suggest potential ways to overcome
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them, building on the breakthroughs achieved with UV luminescent
materials in the past few years. We hope that this review provides an
effective framework for addressing the challenges currently hindering
the applications of UV-emitting materials, thereby facilitating the
emergence of innovation. There is no doubt that innovative synthesis
techniques and the development of novel materials will facilitate the
discovery of superior performance and subsequent applications of UV-
emitting materials for the benefit of society as a whole.

2. Design principles of UV photoluminescent materials

The performance breakthrough of UV photoluminescent material
system relies on more systematic and comprehensive conformational
research and design strategy. Initially, rare earth or transition metal ion-
activated phosphors became the most intensively studied UV lumines-
cent materials due to their variable and controllable chemical compo-
nents as well as dopant ions and simple synthesis strategies. In addition,
carbon dot-based nanomaterials and perovskite nanocrystals also grow
into latecomers of UV luminescent materials because of their composi-
tion tunability and high color purity, and receive more and more
attention.

These 3 types of materials have similarities and differences in their
luminescence mechanisms involving carrier and exciton dynamics
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processes. Inspired by the promising properties, the fundamental optical
performance and optimization strategies of the above 3 types of UV
materials have been explored extensively. Nevertheless, it is still chal-
lenging to design and develop efficient UV luminescent materials.

2.1. Basic principle of rare earth or main group metal ion-activated
phosphors

Typical inorganic oxide UV phosphors are mainly composed of ma-
trix lattice and activator (luminescent center). Various rare-earth ions or
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main-group metal ions in a suitable lattice will produce UV emission.
Since the activators or luminescent groups in the matrix lattice are
sensitive to external optical stimuli, such as ultraviolet light, high-
energy electron beams, or X-rays, the electron separates from the hole.
The electron is promoted to a higher excited state or conduction band
(CB), and the hole jumps to the valence band (VB). One part of the
carriers undergoes non-radiative relaxation loss. Another part of the
electrons in the excited state immediately recombine with holes,
releasing low-energy photons and achieving UV photoluminescence [8.]

2.1.1. Photophysics of the UV emission from 4 f to 4 f transition RE®* ions

Optically active lanthanide rare earth ion RE>*, whose 4f orbital not
being completely filled, has an external electron configuration of 5 s2
5p% 4" (n is any integer from 1 to 13). Located in the interior of the ion,
this 4f orbital is shielded by the less energetic 5 s? and 5p® orbitals on the
periphery. Despite the importance of the matrix lattice, it has little effect
on the 4f" configuration. For rare earth free ions, the electric dipole
interaction cannot cause 4f—4 f transition. Therefore, transitions be-
tween energy levels in the 4 {" configuration are spin-forbidden. That is,
the optical absorption transition in the rare earth ion 4 f* configuration
is strongly restricted by the parity selection law.

When the crystal lattice occupied by rare earth ions does not have
inverse symmetry, the non-even terms of the corresponding crystal field
are more important. At this point, these non-even terms can cause a
small number of opposite parity wave functions (such as 5d) to mix with
the 4 f wave function. In this way, the strength of the transition between
the 4f" configurations is increased.

Gd®* is a typical UV emission activator for the narrow band f-f
transition, originating from the 6P7/2—>887 2 transition. Unlike other
activators, the excited states of Gd>* are all high above 30,000 em L,
which creates a high energy barrier for UV emission (Fig. 2a). However,
Gd®* has a semi-filled 4 f’ configuration that is difficult to oxidize or
reduce. Thus, it is hard to effectively excite Gd>* ion utilizing the UV
light with shorter and broadband wavelength. [9] Considering that their
excited states (i.e. the 4f 5d excited states of Pr°" and Ce>*, the °P;
emission states of Bi®* and Pb>") overlap with the 61,/%P; states of G+,
highly efficient narrowband-UVB (NB-UVB) luminescence can be ach-
ieved by introducing a suitable sensitizer, like Bi**, Pr®*, Ce3* and Pb?*
ions, to transfer energy to Gd>*. [10,11] This strategy enables intense
NB-UVB emission of Gd>* ions in the range of 310 — 313 nm.

2.1.2. Photophysics of the UV emission from 4 f to 5d transition RE>* ions
The UV luminescence of rare earth ions in solids has a class of band
spectra in addition to the aforementioned 4f-4 f line spectra. Band
spectra are the transition between the energy levels in the 4f" configu-
ration and other 4f*~4 f°-154 configuration levels, i.e., the 4 f-5d tran-
sition. However, the 4 f-5d transition is spin-allowed. The 4 f-5d
transition ion has the significant advantage of a short decay lifetime
compared to the traditional f-f transition with a lifetime of up to milli-
seconds. The typical lifetime is below the nanosecond level, which
greatly reduces excited state quenching, resulting in higher brightness.
[17] Not only that, the emission wavelength is able to be tailored by
regulating the coordination environment. Since the 5d orbital is sensi-
tive to the ligand field, while the 4 f orbital is insensitive to the sur-
rounding environment under the effective shielding of 5s5p. [18]

The trivalent Pr®* is a typical f-d transition ion that produces effi-
cient UV emission due to its characteristic 4 f'5d'—4 f> inter-
configuration energy transition mechanism. However, the non-
radiative relaxation of the 4 f'5d! energy level of Pr® minimized to
the lower 4 f2 energy level (3Pj, 16, 1D,) can cause efficient UV emission
only if the first (lowest energy) 4 f>—4 f'5d! excitation transition is at a
suitable energy position and the Stokes shift is less than about
3000 cm_l, as shown in Fig. 2b. [5] Otherwise, the 4 f15d! level will
cross with the lower 4 f2 level, resulting in the emission of sharp spectral
lines of visible and/or infrared light, i.e., the emission transition within
the 4 2-4 2 configuration will dominate. The splitting of 4f5d energy
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level is affected by Coulomb force, orbital spin and crystal field. The
splitting degree of matrix crystal field leads to different splitting and
displacement degrees of 5d energy level, resulting in different emission
spectra of materials excited by high-energy light. The smaller the split-
ting degree, the bluer the emission spectrum moves to UV band.

The emission of Ce®>* comes from the transition between the lowest
crystal field energy level in the 5d* configuration and the two ground
state levels, showing double-band emission. [19] And it is generally
located in the UV to blue light, and a few can be extended to green and
red light. The emission wavelength mainly relies on (1) the electron
cloud expansion effect; (2) crystal field splitting in the 5d* group state:
the stronger low-symmetry crystal field, the lower the energy value of
the lowest crystal field energy level; (3) the Stokes shift. By decreasing
covalency and increasing the 4 f,5d energy level difference, the emission
wavelength can be shifted to the UV region. However, the 5d energy
level of Ce3 ions often splits and the strong low-symmetry crystal field
reduces the energy of the lowest 5d energy level.

2.1.3. Photophysics of the UV emission from ns> ions

The ions with the outermost s? configuration are important in the
field of UV luminescence, and its electronic configuration is [Xe](n-2)
f14(n-1)d'%ns?np3. The main ions in this category with UV emission are
Bi®" and Pb?*(6 s?). Their sp configuration can produce a lower energy
3p state with lower energy when excited. This energy state is subject to
the interaction of spin-orbit coupling and Jahn-Teller coupling. These
two coupling types also have a competitive relationship, when the spin-
orbit coupling is strong, then the Jahn-Teller coupling effect will
decline. The spin-orbit coupling can divide the 3P state into three energy
levels, 3Py, 3P; and 3P, The intensity of spin-orbit coupling increases as
the charge number changes from low to high. In the 6 s2 ion, the spin-
orbit coupling is so strong that the emission spectra can be directly
based on the 3Py and 3P; energy levels obtained by spin-orbit splitting.

Taking a typical Bi®* as an example, the exposed 6 s? electrons of
Bi®t are extremely sensitive to the crystal field of the host. [20] The
emission peak of Bi®"-doped oxide is greatly affected by the crystal field
splitting, coordination number, fractional covalent character, and
formal charge (Fig. 2¢). [13] And the weaker crystal field of the host
leads to an increase in the energy of the Py 'S transition and a blue
shift in the emission wavelength. Since the luminescence of 3py—18y is
strongly spin-forbidden at low temperatures, the luminescence decay
time becomes very long (ms level). However, electrons begin to heat up
in the 3P, energy level at higher temperatures, and the decay time is also
greatly accelerated. [19]

First-principles calculations to obtain the electronic structure of Bi>*
can help us gain insight into the underlying microscopic mechanisms
and predict luminescence properties.[21,22] The emission of ALuGeO4:
Bi*t (A =Li, Na) redshifts from 360 nm to 418 nm after the replacement
of Li* by Na'. Wang et al. used first-principle calculations to find that
the redshift of emission is due to the crystal field effect caused by the
different excited-state local structures of Bi’* (Fig. 2d). [14] The
calculated Debye temperature and vibrational frequency indicate that
the local structural stiffness around Bi®* decreases from A = Li to Na,
which is responsible for the larger local structural distortion after the
6 s—6p excitation of Bi*™.

2.1.4. Upconversion mechanism

Most of the above photoluminescence processes follow Stokes law, i.
e., the emission always has a lower energy and a longer wavelength.
[23] In contrast, upconversion (UC) of anti-Stokes emission is excited by
low-energy light and can emit light of high energy and short wavelength.
Cheng et al. provide a detailed overview of the mechanisms of
lanthanide-doped upconversion luminescence, including excited state
absorption (ESA), energy transfer upconversion (ETU), cooperative
sensitization upconversion (CSU), photon avalanching (PA), and energy
migration-mediated upconversion (EMU). [24] The ESA mechanism,
which utilizes the sequential absorption of two photons in the



M. Deng et al.

intermediate excited state, and the ETU mechanism, which utilizes the
resonance energy transfer excitation between two neighboring ions to
the intermediate energy level, are the two simplest UC mechanisms
occurring in UV inorganic phosphors.

Pr3* activators are the most efficient approach achieving UV emis-
sion under visible light excitation, through ESA or ETU process involving
4f5d band emission, as depicted in Fig. 2e. [15,25,26] The 4f 5d level of
Pr’* ions must be low enough, which is an critical criterion for Pr>*
visible-to-UV emission. Hosts with low crystal field splitting leading to
high energy 4f5d level locations, such as fluoride, do not possess such
UC. [27] The ability of optically active ions to continuously absorb
photons depends on the extremely long lifetime of the intermediate
excited state SPJ (t;) to enhance the energy transfer between ions in
these states. This allows for the capture of multiple photons over longer
time scales, thus allowing for low-energy stimulation sources. The rate
of nonradiative and radiative together determine the value of 7;. Thus, it
has been established that host with lower phonon energies (ideally
<600 cm 1) is able to reduce the 3P0—>1D2 multi-phonon relaxation rate
and the phonon-assisted [3Po,®H4l—>['Dy,%He] cross-relaxation. This
leads to lower nonradiative decay rates and longer t;, which implies
higher efficiency of the UC process. Low phonon energies can minimize
the loss of nonradiative relaxation and maximize the radiative transition
of the activator. Additionally, dispersing Pr®* clusters can also alleviate
cross-relaxation by co-doping with alkaline-earth metal ions Li*, Na™,
and K*, etc. [15,28]

However, the upconversion of near-infrared (NIR) to UV is not only
affected by the inherent spin-forbidden of the 4 f—4 f optical transition
in the lanthanide, but also significantly affected by numerous harmful
factors such as concentration quenching, cross relaxation between
lanthanide ions, surface quenching, and competitive energy harvesting
induced by interior lattice defects. [29] Wei et al. have reviewed NIR to
UV upconversion tuning strategies for lanthanide doped nanoparticles.
[30] Su et al. proposed an upconversion excitation locking (UCEL)
mechanism as shown in Fig. 2f. [16] The excitation energy of Gd3*
sensitization can be retained by simply using an intermediate layer in
NaYF4:Yb3", which is optically inert to the excited Gd3*. This nano-
structure retains the upconverted UV energy within the core region and
effectively suppresses the energy dissipation of internal traps, resulting
in a six-photon upconversion UVC emission at 253 nm under 808 nm
excitation.

2.2. Mechanism of UV emission in carbon dot-based nanomaterials

The origin and mechanism of carbon dot-based nanomaterials (CDs)
photoluminescence is the most important and challenging task in
research. [31,32] It is worth noting that the self-absorption of CDs has
little effect on emission, which favors UV emission. [33] In general, CDs
are categorized into graphene quantum dots (GQDs), carbon quantum
dots (CQDs), carbon nanodots (CNDs), etc. [34] Up to now, the main UV
emission mechanisms of CDs include (1) quantum confinement effect
mechanism (size effect)[35], (2) surface state mechanism[36], and (3)
defect state mechanism [37], as depicted in Fig. 3. The molecular
mechanism and cross-linked enhanced emission effect mechanism|[38]
have not been reported in UV emission, so we will not discuss them in
this review.

2.2.1. Quantum confinement effect

The influence of quantum confinement effect, which is the most
dominant mechanism for obtaining UV emission, can control the band
gap. [39] The emission wavelength of CDs decreases with the expansion
of its band gap. [40] Therefore, it is an effective strategy to shift the
luminous blue to the UV band by widening the band gap. By electron
confinement, CDs, which are semi-metallic in nature, can be converted
into a semiconductor form with a finite band gap. In other way, the
introduction of heteroatoms with low electronegativity doped into the
sp® domain can expand its band gap.

Materials Science & Engineering R 159 (2024) 100803

Fig. 3. UV emission mechanisms of CDs.

Shan et al. designed UV emission CNDs with wide band gap based on
theoretical calculation. [41] DFT calculations showed that the band gaps
between methyl red and the three configurations of o-, m-, and p-phe-
nylenediamine (OPDA, MPDA, PPDA) were 4.47, 4.69 and 4.18 eV,
respectively (Fig. 4a). Such a wide band gap provides sufficiently radi-
ative transition paths for UVB emission. The emission wavelengths of
CNDs in the range of 280 ~ 300 nm are realized, which are in good
agreement with the theoretical calculations.

Yan et al. expanded the n-conjugated sp?-carbon system by conju-
gating GQDs with polyaromatic groups leading to a narrowing of the
band gap of GQDs from 2.40 to 1.94 eV, which in turn induced a redshift
in the PL spectrum (Fig. 4b). [40] The band gap narrowing is mainly
attributed to the lowering of the n* orbitals. Alternatively, the band gap
is reduced by introducing intermediate orbitals between the n and n*
orbitals after conjugation with an electron-donating functional group.
However, such a narrow bandgap can only cause visible light emission
rather than UV emission.

2.2.2. Surface state mechanism

Surface state mechanism is another effective strategy to obtain UV
emission. PL properties of CDs are affected by oxygen-containing func-
tional groups on the surface sites or edges, surface dangling bonds, or the
formation of transient trap states. [42] It has been reported that they
trap photogenerated charge carriers through large amplitude vibration
and distortion, thereby reducing the PLQY.[45] Due to surface dangling
bonds can capture electrons through non-radiative pathways, surface
passivation facilitates the removal of surface dangling bonds.

Yuan et al. achieved high-colour-purity deep-blue CD LEDs
(PLQY70% =+ 10%) by efficient edge amine passivation (Fig. 4¢). [42]
This provides a solution for obtaining a UV emission scheme. In this
way, Lau and co-workers obtained GQDs with a unique surface
self-passivation layer by a microwave-assisted hydrothermal method,
showing UV optical properties for the first time. [4] Ding et al. achieved
UV emission and highest PL. quantum yields (QY) of 63% in ferric
passivated GQDs (Fe-GQDs) by surface passivation of Fe. [3]

2.2.3. Defect state mechanism

The structural domain composition of CDs is often accompanied by
various defects in the non-perfect sp? structural domain, which exhibit
multiple electronic transitions between the band gaps, resulting in
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Fig. 4. The design principle for UV emission of CDs. a. Schematic diagram describing the effect of three configurations on the energy gap and spectra of CDs [41].
Copyright 2019. b. Energy level diagrams and simplified structural schematics [40]. Copyright 2018. c. DFT calculation of band gap vibrations of CDs with different
terminal functional groups [42]. Copyright 2020. d. Model illustrating the excitation and emission of the CNDs [43]. Copyright 2021. e. A transition model of the UV
fluorescence and phosphorescence in CND [44]. Copyright 2022. f. Schematic diagram of CNDs molecular structure units and electron orbitals and phosphorescence

attenuation [44]. Copyright 2022.

narrow band gaps of CDs. [46] In general, the abundance of defective
states in CDs affects their luminescence properties. However, it’s so
complicated of CDs’ surface defects states that are associated with sp?,
sp® hybridized carbon and functional groups containing heteroatoms,
dangling bonds and non-radiative states. [47]

On the one hand, CD surface defects lead to multicolor emission in
the visible-UV spectral range. On the other hand, similar to the surface
state, the existence of defect states will capture excited carriers, which
further increases the difficulty of obtaining UV emission. Moreover, the
stacked defects in the crystal structure suppress the efficient UV emis-
sion. Kim et al. eliminated stacking defects in the crystal structure of
ZnSe QDs by adding hydrofluoric acid and zinc chloride additives,
achieving near-unity quantum yields. [45]

Recently, Bi et al. used a sp® bonding strategy to achieve UV emis-
sion. [48] The sp? structural domains are well delineated spatially by sp®
structural domains, greatly reducing the quenching effect caused by
aggregation. In addition, Shi et al. obtained broadband UV emission
using a pulsed laser ablation method to eliminate defects and surface
trapping of excited electrons. [43] Specifically, the three UV emission
bands located at 305 nm, 325 nm and 335 nm are attributed to the
o*—1, 1*—>7, and 1 —n transitions, respectively (Fig. 4d).

2.2.4. Phosphorescence mechanism
In recent years, there has been great interest in the phosphorescence

of CDs. [49] Phosphorescence, of which lifetime is generally longer than
that of the fluorescence, is the radiative transition from the triplet state
(T1) to the single-linear ground state (Sp). In general, CDs rarely exhibit
phosphorescence thanks to the instability of their triplet excited states.

The triplet excited state of CDs is mainly stabilized by constructing a
CDs hybrid system in an organic or inorganic matrix, so that CDs can
produce typical phosphorescent emission. [50] The triplet excited states
of CDs can be protected from rotational or vibrational losses through
hydrogen bonds formed with organic substrates such as polyvinyl
alcohol. Furthermore, covalent bonds with stronger interactions can
serve as a more efficient alternative to immobilize and rigidify triplet
emitting species. Therefore, the researchers attempted to bind CDs into
inorganic substrates, like SiO9, by covalent bonding. [51] In addition,
CDs embedded in the discontinuous nanospace or attached to the outer
surface of the zeolite host can produce a structural confinement effect on
CDs, resulting in phosphorescence. [52]

However, there is an emission wavelength limitation to the phos-
phorescence of CDs, with the vast majority concentrated in the visible
region. It is highly promising and challenging to explore CDs with long-
life, high-efficiency phosphorescence. Shan et al. proposed the
manufacturing strategies for UV phosphorescent CDs: (1) Smaller con-
jugate size to increase the system energy to obtain short wavelength
emission. (2) Heteroatoms containing lone pairs of electrons to provide
enough intersystem crossing (ISC) driving force. (3) In situ confinement
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environment to reduce the energy dissipation path of the resulting triple
exciton. [44] Fig. 4e depicts the transition of phosphorescence centered
at 348 nm and a lifetime of 15.8 ms obtained by this method. The simple
preparation process, wide size tuning range and abundant surface pas-
sivation/modification strategies of CDs make them very promising
UV-emitting active materials with fascinating optical properties for both
fluorescence and phosphorescence (Fig. 4f).

2.3. Photophysics of perovskite nanocrystals

The structure/composition diversity and tunable band structure of
perovskite nanocrystals provide suitable active sites and coordination
environment for UV emission mechanism. There are three main UV
emission mechanisms in perovskite nanocrystals: (1) emission of local
atom-like states (intrinsic emission); (2) free exciton emission; (3) Self-
trapping exciton emission.

2.3.1. Intrinsic emission

Intrinsic emission is the most common UV emission mechanism in
metal halide perovskites (Fig. 5a). Intrinsic emission, that is, centered on
metal cations, mostly involves lone pair electron ns? orbitals (e.g., Pb%*
or Hf>"). For emerging metal halide perovskites, photoelectronic prop-
erties are greatly affected by lone-pair ns® electrons. [53] Taking a
typical Pb?>" cation as an example, the lone-pair state 6s® electron
configuration is embedded in a mixed covalent-ion bonding lattice,
which gives the lead halide perovskite outstanding photoelectric prop-
erties. What’s more important, the emission and absorption spectra of
Pb%* in many host lattices are in the UV region. The energy level dia-
gram of the free Pb2" ion depicts that the ground state is 'Sy, and the
excited states are triplet and single states (3Po,1,2 and 'P). [54] Due to
the presence of lone-pair electrons, ns? ions tend to occupy off-center
positions, leading to a larger Stokes shift. [55]

The s? ion effect, also known as the Jahn-Teller effect, has an
important effect on the Stokes shift. It is mainly due to the deviation of
the ground state ion from its central position caused by the lone-pair of
electrons. In a soft lattice environment, electrons excited at the ion
emission center of the ns? electron configuration strongly couple with
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the lattice. It is the electron-phonon coupling effect that produces
broadband emission. Upon excitation, the lattice recombines with the
help of Jahn-Teller deformation, which provides a trapping center for
excitons.

Another factor affecting Stokes shift involves the charge transfer
state, usually denoted as the D-state. With or without thermal activation,
there is a transfer from the 3P0,1 excited state to an excited state
involving the matrix lattice. [60] This will produce a larger Stokes shift.
The appearance of D-state relies on the size of the cation displaced by the
Pb%* ion and the effect of the electronegativity of the ligand. The recent
Cs4PbBrg provides an example for such cases. [56] There are two types
of luminescence, in which the small Stokes shift emission at approxi-
mately 350 nm to the spin-orbit coupling allowed >P; to 'S transition in
Pb%" ions and the larger Stokes shift emission at approximately 400 nm
to the D-state. DFT calculations show that once a Pb2" ion from the
Cs4PbBrg lattice replaces a Cs* atom, an intra-gap energy level (D-state)
originating from the Pb?" jon appears at a position near the bottom of
the CB (Fig. 5b). By coupling the D-state to the octahedron’ vibrations in
the matrix lattice, excited electrons can be transferred from the [PbBrg] 4
excited state energy level to the D-state of the Pb* ion.

Except for intrinsic emission of Pb?* ion, Arnold Burger et al. re-
ported that a broad band UV emission at about 400 nm in CsyHfClg
crystals is caused by D-state transition of the unperturbed [HfClg]?
anionic polyhedron, located in a cubic cavity formed by Cs* ions. [61]
Saeki et al. [62] and Liu et al. [63] have also found the same phenom-
enon in CspHfClg nanocrystals.

2.3.2. Free excitons

The emission of free excitons (FEs), as a kind of emission mechanism
widely existing in semiconductors, has attracted wide attention due to
its high quantum efficiency and novel chemical and physical properties
(Fig. 5¢). The UV-emitting bands of typical 0D Pb-Br perovskites are
narrow with small Stokes shift, which is generally considered to be a
radiative emission of FEs. [64] FEs emission is a phenomenon where
excited electrons and holes are bound together by Coulomb forces to
form excitons and then recombine to emit light. And the exciton binding
energy (Ep) is the magnitude of gravitational force between electrons
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Fig. 5. Photophysics of perovskite nanocrystals. a. Intrinsic emission of Pb>" ion [56]. Copyright 2017. b. Projected density of states Cs,PbBre supercells before
and after the substitution of Cs with Pb®* ion [56]. Copyright 2017. c. UV emission from free excitons. d. Bond angle (up), electron-associated (left), and
hole-associated (right) partial charge densities comparison for GS, singlet-STE, and triplet-STE.[57] Copyright 2023. e. Energy level transition of STE [58]. Copyright
2022. f. DFT calculation of STE in Cs;AgInClg [59]. Copyright 2018. (FC means free carriers; FE means free excitons; GS represents ground state) An up arrow means
excitation, and a down arrow means emission.



M. Deng et al.

and holes. The increase of E}, helps to reduce the probability of exciton
dissociation and enhance radiative decay rate of the exciton, thus
improving the fluorescence efficiency. Gao et al. determined that partial
substitution of iodine for bromine in CsySn(Br; _xIx)e leads to major FE
emission through DFT calculations (Fig. 5d). [57]

The synergistic effect of quantum and dielectric confinement results
in large E;, (320 meV) in two-dimensional (2D) perovskite. [65] In
general, PL from free excitons under UV excitation is narrow-band
emission with small Stokes shift. [66] Even at room temperature, clear
exciton features are observed in low-dimensional hybrid perovskites.
[67] Ishita Neogi et al. discovered a 2D hybrid organic-inorganic
perovskite (CyBMA)PbBry with a high exciton binding energy of
340 meV. [68] It shows a sharp dominant UV exciton peak and a less
intense broad peak. Dominant exciton peaks are mainly derived from 2D
hybrid organic-inorganic perovskite of non-luminous chromophores.
However, PL shows strong electron-phonon coupling effect and
wide-band emission at room temperature, and its narrow band UV
exciton peak only appears at low temperature of 10 K in 2D perovskite
(CeH5CoH4NH3)oPbCly. [69] There are three peaks located at 341, 347,
and 350 nm for the dipole-allowed singlet exciton I's and the
dipole-prohibited triplet excitons I'y and I'q, respectively.

The smaller the dielectric constant and size of the material, the larger
the exciton binding energy. Specifically, the quantum confinement ef-
fect in 2D perovskite lead to a fourfold enhancement of E}, over com-
parable 3D materials because the inorganic layer restricts the wave
function of excitons to the two dimensions. [70] Ey, is further enhanced
by the shield of the organic layer from the attraction between electrons
and holes, i.e., dielectric confinement effect. [71] It is the high dielectric
confinement in 3D Pb-I lattice that shields the coulomb attraction be-
tween the excited electrons and the holes, resulting in a lower Ej,.
Additionally, Matthew et al. reduced dielectric limitation in layered
perovskite by intercalation strategy. [72] This radiation recombination
of weakly coupling electron-hole pairs typically results in small Stokes
shifts and narrow half-peak widths of the PL spectrum.

2.3.3. Self-trapping exciton emission

Self-trapping exciton emission (STEs, Fig. 5e), which is widely found
in metal halide perovskites, is a special kind of excitons luminescence.
Luo et al. studied STE emission in CsyAgInClg, which attracted a lot of
attention (Fig. 5f). [59]In a matrix with strong electron-phonon
coupling, the carrier of the excited state interacts with the lattice lead-
ing to lattice distortion and the formation of highly localized STEs,
which subsequently recombine to produce large Stokes shifts and effi-
cient broadband emission. [59] The main reasons for the broadband
emission characteristics of STEs are that the generation of lattice
deformation energy during exciton self-capture leads to a partial loss of
exciton energy when the ground state energy rises, resulting in an
emission energy much smaller than the initial band gap. [73] In addi-
tion, the strong electron-phonon coupling is also the source of
broadband.

Liu et al. observed extensive positive photo-induced absorption (PIA)
in Cs4CulnyClyy double perovskite nanocrystals by ultrafast transient
absorption spectroscopy (TA), providing direct evidence for UV emis-
sion originating from STEs. [58] The super-fast PIA signal growth
(<1 ps) illustrates the transition from free excitons to STE trapping. [74]
The TA spectra of moisture-assisted Cs4Culn,Cl;5 nanocrystals exhibited
a significant redshift, indicating that the STE effect was enhanced by the
introduction of H,O molecules.

The emission of STE in perovskite is closely associated with the
distortion of the luminescence center and the structural dimension of the
material. Mao L. et al. investigated that the bond length of the octahedra
and the distortion of angular (8, 8) contribute to broadening of the PL
emission in the EA4PbsBrio4Cly system. [75] During the evolution,
EA4Pb3Brig is a narrow free exciton emission, while EA4PbsClyg is a
broad STE emission. Smith M. D. et al. further found that the lumines-
cence of STE was positively correlated with the degree of octahedral
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distortion in 2D perovskites, indicating that the larger the octahedral
distortion, the more conducive to the generation of STE. [76] However,
greater distortion often means that there may be more defects in the
material, leading to enhanced phonon-assisted nonradiative composite
paths and reduced fluorescence efficiency. [77] This may also be one
reason why the maximum efficiency of 2D perovskite-like materials is
only 9% of that of (EDBE)PbBr4.

The dimension of the material is reduced from 2D to 1D and then to
0D, and the PLQY is significantly improved. [77] On the one hand, low
structural dimension makes excitons strongly confined, which increases
E}, and reduces the possibility of exciton dissociation. On the other hand,
low structural dimension increases the effective mass of carriers,
increasing the possibility of FE formation. The interaction with the
relatively "soft" lattice of perovskite increases the possibility of STE
formation. [73,78]

2.3.4. Defective state

Except for the above UV luminescence mechanism, surface passiv-
ation and adjustment of octahedral unit distortion can improve UV
luminescence efficiency. In the case of CsPbCls, its low UV PLQY is
considered to be a defective state caused by the chlorine vacancy and the
distortion of the octahedral unit. The introduction of Cs* will cause the
octahedral distortion. Therefore, a reasonable choice of smaller divalent
cations to replace Pb2* can reduce the vertical voids, thus reducing the
tilt of the octahedral element and increasing the tolerance factor.

Theoretical studies have shown that Ni** doping perovskite in-
creases the defect formation energy and improves the UV PLQY. [79] A
recent study did also confirm the suppression of Cl vacancies and the
reduction of octahedral distortion by Ni%t doping. [80] Navendu Mon-
dal et al. achieved blue-violet (PL peak position at 406 nm) PLQY to near
unity by removing the non-radiative defect states in CsPbCls nano-
crystals with CdCly-treated. [81] Zhang et al. regulated the band gap of
CsPbCl3 nanocrystals by doping Cd*", resulting in the luminescence
peak blue shift to the UV region of 381 nm. [82] What’s more, PLQY was
improved to 60.5% by CdCl, modification of the surface structure.

3. Rare earth or main group metal ion-activated UV phosphors
3.1. Gd**-activated phosphors

Gd>* ion is a typical NB-UVB activator with strong emission in the
range of 310 ~ 316 nm. Table 1 summarizes Gd*>*-activated UV lumi-
nescence materials. Gd>" ion displays a very stable ground state of 3S; 5,
whose emission wavelength is almost unaffected by the crystal field.
Singh et al. found that the excitation spectra of Gd>" ion-activated
BayYZrOg perovskite ceramic phosphor showed weak transition and
inter-configurational 4 /-4 f transitions of Gd®* ions (Fig. 6a). [83]
And it exhibited the NB-UVB emission at 315 nm under 229 nm exci-
tation (Fig. 6b). They also used electron paramagnetic resonance (EPR)
to characterize the resonance signal of Gd*" ions in garnet compound
CaY,Al4Si015 derived from cubic, octahedral or tetrahedral distortion
sites. [84] Its emission spectra show 6P5 /2—>887/2 and 6P7 /2—>857/2
transitions with peaks at 308 nm and 314 nm.

By introducing a suitable sensitizer, the transfer of energy to Gd>*
can achieve efficient NB-UVB luminescence. Wang et al. reported energy
transfer between Pret, Pb%*, or Bi®" sensitizers and Gd®*, achieving in
more than 10 h NB-UVB afterglow, as illustrated in Fig. 6¢. [124] Yu
et al. designed a multilevel luminescence thermometer utilizing three
excited °Py (J = 7/2,5/2,3/2) crystal fields and spin-orbit split levels of
UVB-emitting Gd>* ions. [99] This was achieved by co-doping Pr’" in
YAl3(BO3)4 and upconverting to its 4 flsd! configuration, which then
efficiently transfers the energy to the °P; energy level of Gd>* (Fig. 6d-e)

Not only that, NB-UVB persistent luminescence can also be achieved
with the assistance of trap levels. Under high energy ultraviolet or X-ray
excitation, excited transition carriers are stored in trap levels. Upon
cessation of excitation, the captured energy is continuously transferred
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Table 1
Gd3*-activated UV phosphors.

Groups Materials Aex(nm) Aem(nm) Eg(eV) Ref.
Phosphates YPO4 272 312 5.8" [85]
LaPO, 272 312 4.65" [86]
YPO,:Gd>*,Sb>* 254 312 - [87]
LaPO,: Gd*",Bi®" 275 312 - [88]
LiSrPO, 275 312 4.45% [89]
NaSrPO, 273 313 4,52° [90]
SryP,0; X-rays 312 5.11° [9]
SrsP4013 272 312 5.21% [91]
CaMgP,0; 274 314 - [92]
CagMg(PO4)6F2 274 313 - [28]
Borates RbBaBP,0g 273 312 4.22 [93]
YBO4:Bi®t,Gd3* 273 313 517 [94]
Sr,Mg(BOs)y 276 313 4.39 [95]
Sr,Mg(BO5)2:Gd>™, 254 330 4.39 [96]
Pb2+
LaB306:Gd>",Bi®* 254 311 4.54 [971
YBaBoO16:Gd®>" Bi®" 254 312 - [98]
YAl5(BO3)4:Gd>*, 450 310 5.16 [99]
Pr3+
LiSr4(BO3)3:Gd>*, 276 313 419" [100]
Pr3+
Aluminates Al,03 273 314 5.85 [101]
CasAl,06 273 314 - [102]
CaAl,04 273 314 4.47 [103]
SrAl,0,4 273 314 4.14 [104]
LaAl;;0.5 273 314 - [105]
LaMgAl;1014 273 313 4.21° [106,
107]
CaY,Al,Si0;5 273 314 - [84]
Silicates Ba,Si0O,4 X-rays, 315 4.63 [108,
273 109]
NasYSi,0; 273 313 4.01° [110]
Ca,MgSiy0; 275 314 4.6 [111]
Sr,MgSi;0; 273 313 4.5 [112]
CaLa,Siz013 228 314 4.48° [113]
CasMgSi,0g 273 313 4.88 [114]
Li;MgSiO, 272 314 4.94 [115]
CayLag(Si04)602 230 314 4.48" [116]
Y,SiOs 257 316 4.77 [117]
Zirconates CaZr409 274 313 3.84 [118]
Y,4Zrs01, 274 313 4.11% [119]
Zr0, 275 314 3.53 [120]
Ba,YZrOg 229 315 - [83]
Others SrY,04 275 315 3.7 [121]
Gd3GasO1, 273 311 2.9 [122]
SrMgF, 274 313 6.69 [123]
BaMgF, 274 313 6.79 [123]

@ DFT calculated bandgap value

from the Pr3* 4f5d emission energy level to the Gd3* °I; or P; level,
producing persistent emission at 311 nm. [98,108]

Excellent heat-resistance performance can also be obtained by
doping Gd* into the highly rigid structure. Yang et al. doped Gd** in
the highly rigid diamond-like structure RbBaBP,Og to obtain a phosphor
with NB-UVB emission. The fluorescence intensity was 93% of the initial
value at 423 K, showing excellent heat-resistance performance, as
shown in Fig. 6f. [93]

High-energy X-ray sources have also become attractive charging
sources for Gd>*, especially in wide bandgap host. For instance, an X-ray
charged LaMgAl;1019:Gd>* persistent phosphor was reported by Zhao
et al. [106] Zhang et al. reported that SryP,07:Gd3" phosphors showed
NB-UVB persistent luminescence at 312 nm for more than 24 h. [9] The
ultraviolet camera can clearly detect the afterglow signal uninterrupted
by bright ambient light (Fig. 6g-h).

3.2. Pr**-activated phosphors

Due to its unique 4 f'5d'—4 2 interconfigurational energy transition
mechanism, trivalent Pr’" ion exhibits effective UVC emission in suit-
able crystal fields, which has attracted much attention. To date, dozens
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of Pr3*-activated UV phosphors have been developed, and commonly
used host include silicate (such as Y5SiOs), melilites (such as CasAls.
SiO), fluorides (such as CspoNaYFg), phosphates (such as LaPQy4), and
garnets (such as LuzAls0;2), as summarized in Table 2.

As early as 2006, Sun et al. found broadband emission of Pr>* doped
Y5SiOs at 270-350 nm. [138] In the lower density ﬁ-YZSi207:Pr3+, the
smaller degree of crystal field splitting causes a blue shift to 270 nm, but
also shows a certain percentage of visible light emission (originating
from the f-f internal configuration transition). [126] This variability in
the stimulated emission is affected by the electronic structure of the
matrix and the different positions of the crystal field-induced 4 f'5d}
energy level splitting.

When the crystal field is too weak, the 4 f!5d! excited state of Pr>*
produces a smaller field splitting effect, and the spectral blue shift is not
obvious or even redshift. When the crystal field is too strong, the excited
state of Pr®" 4 f'5d' produces a larger crystal field splitting effect,
resulting in blue shift of Pr®* 5d-4 f electron transition and over
amplitude blue shift. In the past studies, researchers have conducted
extensive spectral regulation studies on Eu?" and Ce®* ions emitted by
typical d—f transitions, but no regular understanding has yet been
formed on Pr®t. Liang et al. reported a Pr‘-doped garnet LugAls.
xGax012 (x = 0, 2, 3) with tunable long afterglow in the UVB region.
[137] By increasing the Ga substitution content, the modulation of the
energy band structure led to a decrease in the bottom of CB from
—1.68 eV to —2.49 eV. Meanwhile, the 5d! configuration of Pr3t (from
—3.10 eV to —2.83 eV) is increased, realizing the luminescence spectra
blue-shifted from 308 nm to 298 nm under excitation of 254 nm UV
light (Fig. 7a). When Ga completely replaces Al, there is only visible
light emission from the f-f transition. Further, Cr>" ions were co-doped
into the sample to enhance the UVB sustained luminescence perfor-
mance of the LusAl3GayOq2:Pr®* phosphor. LusAlsGazO12:Pr*,Cr
showed PersL for more than 60 h by co-doping Cr and observed two
obvious excitation band (Fig. 7b-c). Fig. 7d illustrated UVB photo-
luminescence and PersL images recorded at different time using an UV
camera.

In addition to the excitation of UV, Pr®* ion usually has absorption
peaks in the 490-520 nm, 560-630 nm, 950-1100 nm, 1300-2200 nm
region, stemming from 3H4 ground state transitions to 3P0,1,2, 116, 1D2,
1G4 and 3F2,3,4 state. High-energy X-rays can also effectively excite Pr®*
ion to achieve UV emission. Zhou et al. also report Li;CaGeO4:Pr®* with
multi-responsive UV emission properties (Fig. 7e). [130] Yang et al.
showed the afterglow images of CsyNaY( 9oF6:0.01Pr>* phosphor irra-
diated by different excitation wavelengths of 793 nm, 730 nm and
450 nm (Fig. 7f). [134] Specifically, exposure to 450 nm of light pro-
duces stronger UVC afterglow than exposure to 730 nm and 793 nm of
light. Pan et al. reported an excited UVC long afterglow of up to 10 hours
in Pr¥"-doped CayAl,SiO; for labeling in bright environments. [5] The
same phenomenon is also found in its isomorphic melilites SroMgSizO7.
[136] Yan et al. reported that LiLuSiO4:2%Pr3Jr showed PL and persis-
tent luminescence at 279 nm under 247 nm excitation (Fig. 7g). [129]
By co-doping Sm>" ions as electron trap, UVC afterglow intensity and
time significantly enhance.

So far, the discovery of UV phosphors has been mainly dependent on
experimental trial-and-error approaches. Li et al. proposed that top-
ochemical reactions was shown to accelerate the discovery of emerging
UV phosphors, especially long afterglow phosphors. [132] The ther-
modynamic charge transition energy levels of defect states are deter-
mined by first principles calculation, which helps to test whether the
candidate structures are suitable as host for the afterglow. The
Pr®*-doped LaPO4 was then found to have a UVC afterglow lasting
longer than 2 hours through topochemical reactions.

3.3. Bi®*-activated phosphors

Bi®* ion is emerging as a favored UV luminescent center because of
its unique emission characteristics. [20,139] In the study of Bi®"-doped
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Fig. 6. a. PLE and b. PL spectra of Ba;YZrOg:xGd (0.01 < x < 0.11) phosphors [83]. Copyright 2020. c. Schematic diagram of Bi**, Pr®" and Pb?* ions energy
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Table 2
Pr¥*-activated UV phosphors.

Groups Materials Aex(nm) Aem(nm) Eg(eV) Ref.

Silicates, germanates Y,SiOs 252,450,488 260-345, 460-660 3.78 [125]
B-Y2Si07 248,450,488 250-345, 460-660 3.67 [126]
Lu,SiOs 250 260-350 4.56 [127]
Ba,SiO4 450 265 [108]
Li,SrSiO4 450 250-340 4.65 [128]
LiLuSiO4 247 279 [129]
Li,CaGeOy4 X-rays, 240, 450, 980 250-320 3.80 [130]
BaLuyAl,GaySiOy o 254 301 4.85 [131]

Phosphates La/YPO4 X-rays 240 6.86 [132,133]

Fluorides Cs;NaYFg X-rays, 793, 730, 450 200-320 6.86" [134]
LiYF4 488 260-360 7.84 [25]

Melilites Ca,AlL,SiO;, 233 268 4.32 [5]
Cay 5510 5A1,Si0; 241 270 4.2 [135]
Sr,MgSi, 07 232 243 4.53" [136]

Garnets (Cay sY1.5)(Als 5Sit.5)012 245 266, 311 - [12]
Y>GdAl,Gaz04, 283 311 - [124]
LusAl,Gaz01o 278 298 - [137]
Lu3Al3GayO;2 279 302 - [137]
LuzAls012 285 308 4.94 [137]

@ DFT calculated bandgap value

Notably, the tunable UV emission of Bi>* ion tailors by modulating
the crystal field. Selective occupation of Bi®* jon in Sr3ScyGes0q with
distinct luminescence properties was reported by Miao et al., as depicted

UV-emitting phosphors, phosphates, borates, germanates, and garnets
have been investigated as host materials for intense tunable UV emission
(Table 3).
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in Fig. 8a. [147] Bi®" occupying the Sr2* site produces strong cyan
photoluminescence (386 nm excitation). Bi3" at the Sc3™ site produces
UVA photoluminescence (289 nm excitation) and persistent lumines-
cence. Li et al. also created a wide band gap (5.88 eV) BaScyGe301g
lattice environment for Bi3+, and realized the UV emission centered at
370 nm (Fig. 8b). [145] The IQE and EQE at room temperature reached
81.0% and 49.32%, respectively.

Lyu and co-workers reported a systematic study of the spectral
modulation scheme of Bi®* doped ARE(Si,Ge)O4 (A=Li, Na; RE=Y, Lu)
system using vacuum-referenced binding energy (VRBE) -assisted
energy-band engineering (Fig. 8c). [160] In this way, in the
garnet-structured ARE(Si,Ge)O4, the A-site cation has an important
modulating effect on the crystal field strength in which the Bi ion is
located. In contrast, the RE position and the Si/Ge positions have only a
weak effect.

Recently, persistent phosphors doped with Bi®* ion have been
extensively studied in terms of UV emission. Bi>" ion can produce PersL
in different host materials by modulating the CB/VB through energy
band engineering, as well as controlling the capture and de-capture
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processes through defect modulation.

Liu et al. modulated PersL emission spectra based on energy band
engineering. [162] The band gap of LuXO4:Bi®" (X = V, Nb, Ta, and P)
was adjusted from ~4 eV to 9 eV using B-site cation substitution, which
tailored the persistent luminescence from 550 nm to 230 nm (Fig. 8d-e).
Shi et al. found that LiYGeO,:Bi>" displays PL with a peak at 365 nm,
achieving a super-long UVA persistent luminescence of more than
300 hours (Fig. 8f). [157] And it is ascribed to the absence of Li creating
point defects. It is worth noting that Shao et al. also reported the UVA
mechanoluminescence property of this Bi>* doped LiYGeO4 material for
the first time. [139] A local piezoelectric field is produced under the
stimulation of mechanical force, and the carriers trapped in the point
defect directly migrate to the excited state of Bi>* through the tunneling
effect, and mechanoluminescence is finally observed. A multimodal
anti-counterfeiting strategy was proposed in CasAl,Ge30;2:Bi®t/Ln®*
(Ln = Tb, Eu, Sm, and Dy) by Zhang et al. [155] It’s the energy transfer
from Bi®" to Ln®" that UVB persistent luminescence is more than
20 hours, as shown in Fig. 8g.

With these advances, we can find that the emission of Bi®" ion has



M. Deng et al.

Materials Science & Engineering R 159 (2024) 100803

Table 3
Bi*-activated UV phosphors.

Groups Materials Excitation wavelength (nm) Emission wavelength (nm) Band gap (eV) Ref.

Ortho-phosphates YPO4 X-rays 240 5.81 [140]
LaPOy4 X-rays 231 5.81 [55]
LuPO4 166 248 8.97 [141]
CagY(PO4); 197 250, 275 - [142]

Borates GaBO3 276 290 3.86 [143]
ScBO3 284 300 4.12 [143]
InBO3 285 400 2.66 [143]
LuBO3 287 305 5.30 [143]

Germanates Mg,Lu,Ges0q, 254 310 6.00 [144]
BaSc,Ges3019 305 370 5.88 [145]
Mg,Y1 oLug sGesO3 283 325 - [146]
Sr3ScyGes0q 289 333 3.79 [147]
MggLusGegO2s 285 311 - [148]
Mg,GeOy 310 350 [149]

Garnets (Y,Gd)3Gas01» 289 313 - [150]
Y2GdAl,GazO12 254 311 - [124]
Y5Gas012 291 313 6.58 [151]
Y3Al5012 275 302 3.67 [151]
Lu3Als012 272 298 4.94 [151]
LuzGasO12 254 313 6.55 [152]
Y5Gas0y2 Sunlight 313 3.35 [153]
CazGayGe3z012 245, 285 317 4.04 [154]
CazAl;Gesz012 265 313 3.50" [155]
Gd3GasO1 290 316 6.49 [156]
LiYGeO4 254 365 3.82° [157]
LiYGeO4 X-ray 352 3.82° [158]
LiScGeO4 297 361 3.80 [159]
Naj yLiyLuGeO4(x=0-1) 308 393-350 - [160]
LiLuSiO4 207 356 - [160]
LiLuGeO4 230 360 - [160]
LiYSiO4 207 363 - [160]
NaGdGeO4 310 400 4.87 [161]

Others LuvOy4 X-rays 455 4.86 [162]
LuNbO4 X-rays 236 5.27 [162]
LuTaOy4 X-rays 389 6.18 [162]
CaSby0¢ 297 290 4.53 [163]
SrSb,0¢ 301 319 4.28 [163]
CdSiOs 233 360 2.57 [164]
GdAIO3 290 333 3.24 [165]
SrLaAlO4 X-rays 380 2.90° [166]

@ DFT calculated bandgap value

wide tunability in the visible-UV region. Among the Bi®* activated
phosphors, only phosphates with wide band gap provide a suitable
crystal field strength for the UVC emission of Bi>*. The mixed density
functional method calculates the thermodynamic charge transfer levels
e(+3/+4) and e(+2/+3) and the 3P1 —»150 transition excited level
induced by Bi®" in the YPOy. [22] The trap depths of €(+3/+4) and
e(+2/+3) are 1.04 eV above VBM and 2.31 eV below CBM in YPOy,
respectively. While the excitation level of 3p, 1S, band transition (i.e.,
3P1) is more than 2 eV below CBM. Liu and co-workers reported YPO4:
Bi** with more than 2 h UVC afterglow centered at 240 nm, ascribed to
transition of Bi*" ion. [140]

3.4. Other ion-activated phosphors

Pb?* doped phosphors, including silicates, phosphates and sulfates,
have been extensively studied for decades. The emission band of Pb®*
ion can be regulated from the visible to UV region, and are largely
dependent on the symmetry of substitution site, ligand ions, and host
matrix. [167]

Silicates are good candidates for Pb2* ion since they are inexpensive
and readily available. BaSi»O5:Pb?>" as a UV-emitting phosphor was
firstly used for photocopying. [168] Wang et al. developed a
Pb?*-activated UVB persistent phosphor Sr3Y5SigO15:Pb?, displaying a
broadband emission at 299 nm for more than 12 h (attributed to the
pb%* 3p; 18, transition) (Fig. 9a). [124] Since the 3P; luminescence
energy level of Pb?" overlaps with the ®P; level of Gd>*, there is an
energy transfer from Pb?" to Gd>* when the Y>* ions are replaced by
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Gd®* ions. The resulting Sr3GdsSigO1g:Pb?>" material shows NB-UVB
persistent luminescence for up to 12 hours.

By adjusting the cation ratio (Sr/Ba) in pPb+ doped SryMgSis07,
Wang et al. redshifted the emission spectral from 333 nm to 383 nm
(Fig. 9b-c). [169] Liang et al. completely replaced Si with Ge to obtain
the isomorphic compound Sr,MgGe;07, which has an UV emission of
Pb%* and a peak value of 370 nm. [172]

Inorganic borates have the advantage of low synthesis temperature,
high physicochemical stability and high UV transmittance. Due to en-
ergy transfer, Pb>+ doped LigGd(BOs3)3 also shows NB-UVB emission
with peak emission located at 313 nm. [173] Esra Yildiz et al. studied
the concentration quenching of Pb?* ions in SrB407:Pb?* and concluded
that it mainly originates from the migration of excitation energy to the
quenching centers. [174]

Ce>" ions are common yellow emission activators, but they also
exhibit UV emission in suitable crystal fields. Under 225 nm excitation,
the central luminous wavelength of Ce** doped CagY(PO4); phosphor is
at 346 nm due to the transition from 5d* to 4 f'. [142] The PLE spectrum
shows multiple bands from 180 ~ 350 nm, attributed to the crystal field
splitting in the Ce>* 5d state, as shown in Fig. 9d. In 2019, Xie et al.
further investigated the occupation of Ce®" ions in the CagLa(POg4);
lattice [175]. It was found that Ce(1) emission was associated with the
8-coordinated Ca site, and Ce(2) emission was associated with the 6-co-
ordinated La site by spectroscopic and luminescence kinetic studies.
Shirmane et al. found strong UV emission in conventional yellow-green
emitting YAG:Ce nanocrystals, which shows a fast decay time of about
7 ns and a high intensity resolved excitation band with a peak of 5.9 eV.
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[176]

UVA persistent luminescence of CaBy04:Ce>" phosphor is more than
15 h. [170] Lifetime measurements indicate that the 5d—4 f transition
of Ce3" cause the emission centered at 365 nm (Fig. 9e). The lowest
energy level of Ce3* 5d! is below the CB ~ 0.97 eV, and the persistent
luminescence results from radiative transition between Ce>* 5d—2 f5/2,
7,2 energy levels. Wang et al. found that Ce-doped NaLuF4 shows a
strong broad emission centered at 298 nm under X-ray irradiation
(Fig. 9f). [171]

aDFT calculated bandgap value

4. UV carbon dot-based nanomaterials

CDs is a new kind of non-metal luminescent nanomaterial with the
advantages of high efficiency, adjustable luminescence, good photo-
stability, biocompatibility, and environmental protection. To date, CDs
have shown colorful emission from the deep blue to the NIR, yet
obtaining CDs with UV emission remains a great challenge, which needs
to carefully design the structure of CDs and overcome the quenching
caused by aggregation.

In 2012, Lau et al. prepared UV-emitting GQDs for the first time
using microwave-assisted hydrothermal (MAH) (Fig. 10a). [4] Its UVB
emission wavelength is 303 nm under 197 nm laser excited, and the
PLQY is 7-11% (Fig. 10b). It is worth noting that the size of GQDs has no
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effect on the emission wavelength. The results show that the unique
optical properties are mainly due to the self-passivated layer on the
surface of GQDs. When coated on blue LED, GQDs are capable of con-
verting blue light to white light, showing significant promise for appli-
cations in the field of UV photonic devices.

In 2016, Anappara et al. synthesized UV luminescent CDs using
tannic acid by MAH method. [192] The luminescence of water-soluble
CDs at 370 nm does not vary with the excitation wavelength
(Fig. 10c). Moreover, the CDs can sensitively detect picric acid in
water-based media with a detection limit of 0.6 pM.

In 2019, Shan et al. reported UV emitting CNDs with emission
located between 280 and 300 nm (Fig. 10d). [41] The CN solution was
obtained by chromatography. The emission peak of CNDs is located at
290 nm, and two shoulders were also observed at 282 and 300 nm in
ethanol solution (Fig. 10e). The PLQY of CNDs at 250 nm excitation was
31.6%, arising from the radiative recombination of nuclear (r-t*) car-
riers and surface passivation (Fig. 10f). LEDs with strong UV emission
were prepared using CNDs as phosphors.

However, similar to the above studies, solvents or polymeric sub-
strates are demanded to stabilize the emission centers in most CDs.
Solid-state luminescent materials can be directly and conveniently used
in photonic devices in contrast to materials that only exhibit efficient
luminescence in specific media. [193] Additionally, CDs with
ultra-narrow half-height widths (FWHM), which have potential
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Table 4
Pb?* or Ce**-activated UV phosphors.

Activators Materials Aex(nm) Aem(nm) Eg(eV) Ref.

pb** Ba,MgSi»0; 258 383 4.45 [169]
Sr,MgSi>07 258 333 4.50 [169]
SroMgGe,07 280 370 3.60 [172]
Sr3Y2SigO1g 254 299 - [124]
Sr3Gd,SicO1s 254 311 - [124]
CaTiO3 345 365 2.31 [167]
CaSOy4 200 235 5.95 [177]
SrSO4 220 285, 380 5.92 [177]
BaSO4 220 340 5.95 [177]
NaSr4(BO3)3 289 370 3.98 [178]
SroMg(BOs3)2:Pb? 254 330 4.39 [96]
Ba;Mg(BO3), 293 381 4.47 [179]
SrB,04 270 363 4.95 [180]
LigGd(BO3)3 242 313 2.74 [173]
SrB4O; 239 300 7.12 [174]
LicCaB30g. 5 268 307 - [181]
BasBe,B,07 284 396 - [182]
KCay4(BO3)3 260 335 4.59 [183]

Ce®t ZnO 270 380 3.27 [184]
CagY(POy)7 318 396 - [185]
CaAl,07 273 330, 360 4.00 [186]
CaAl,04 300 370 4.47 [186]
CaAl;12019 262 329 4.35 [187]
LaBaBgO16 274 335 - [188]
LaBO3 270 355, 380 4.50 [189]
SrBPOs 315 365 4.01 [190]
CaB,04 337 365 7.77 [170]
NaLuF,4 X-ray 298 - [171]
LisSrCa(SiO4)4 288 345 4.86 [191]
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applications in high-efficiency LED devices [194] and high-resolution
biomarkers [195], is also one of the research difficulties of solid-state
CDs. [38]

Bi et al. adopted an sp® compartmentalization strategy to facilitate
the binding of sp® bonds during hydrothermal synthesis of CDs utilizing
glacial acetic acid (Fig. 11a). [48] In this way, the size of sp® conjugating
units is significantly reduced and the PL emission moves to 308 nm in
CDs (Fig. 11b-c). It also shows high PLQY (20.2%, Aex = 265 nm) with
narrow FWHM. More importantly, the luminescence properties of the
UVB-CDs have high environmental robustness (Fig. 11d-e). This is
attributed to the fact that the sp? domain is well delineated spatially by
the sp® structural domain and the quenching effect caused by aggrega-
tion is minimized. This provides a reasonable approach for the prepa-
ration of solid UVB-CDs phosphors with wide application.

Unlike UV fluorescence, the key to inducing UV phosphorescence is
the restriction on conjugation size and in-situ spatial of CNDs. [196]
Shan et al. constructed UV phosphorescent CND using melamine as
luminophore (Fig. 12a). [44] The phosphorescence peak at 348 nm was
generated by modulating the size of the CND to 3.6 nm with a lifetime of
15.8 ms. The PLQY was about 31.7%, while the phosphorescence QY
was about 16.2% (Fig. 12b). It is the orbital angular momentum of N
atoms from py to sp? that provides the driving force for the population of
triplet excitons. NaCNO crystals provide a rigid environment for CNDs
and reduce the energy dissipation.

5. UV perovskite nanocrystals

Fig. 13 summarizes the PLQY corresponding to the different emission
wavelengths of the state-of-the-art UV perovskite nanocrystals. Obvi-
ously, the UV emission of perovskite materials is mainly concentrated in
the UVA band with longer wavelength. This is associated with the local
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structure of perovskite itself and the large Stokes shift induced by UV
excitation.

5.1. Lead halide perovskite

5.1.1. CsPbX3 (X=Cl, Br)

Lead halide perovskite CsPbX3 (X=Cl and Br) with color tunable
emission shows great potential for lighting and display applications.
[197] The crystal structure of CsPbXj is similar to that of oxide perov-
skite, with [BX6]4' octahedral three-dimensional interconnects and a
12-coordination Cs* ion in a large cavity, as illustrated in Fig. 14a. [198]
CsPbX3 nanocrystals display narrow emission stemming from
near-bandgap exciton recombination. [199] Their optical properties can
be tailored by changing their size, shape, and halide composition.
However, only CsPbCls shows intrinsic UV emission, which is about
390 nm, and PLQY is only 1%. [200]

Moreover, CsPbCl3 with different nano sizes, from three-dimensional
nano-cubes, two-dimensional nanoplates, to one-dimensional nanorods,
also showed the blue shift of PL. Compared with CsPbCl3 nano-cubes
(emission about 410 nm), the 1D CsPbCl3 nanorod emission peak is
blue-shifted to 385 nm (Fig. 14b). [201] Recently, Zhang et al. suc-
cessfully tuned the thickness from 2.8 nm to 3.6 nm by reducing the
solvothermal reaction time only, and achieved a blue shift to 391 nm in
CsPbCl3 nanoplates. [203]

Shen et al. introduced ammonium hexafluorophosphate while
stripping the outermost surface of CsPbX3 NC and passivating the de-
fects. [202] The PLQYs of CsPbCls increased to 25% at 398 nm. This
simple post-treatment strategy has also been shown to be effective in
enhancing the PLQYs of various CsPbXs nanocrystals in the entire visible
wavelength range (Fig. 14c).

CsPbCl3 can serve as a good accommodation for doping ions. These
ions alter the pristine PL properties of perovskites by tailoring its
intrinsic luminescence or introducing other emission band. Chen et al.
reported high efficiency UV emission in CsPbCl; nanocrystals by
incorporating cadmium ions, with an emission peak at 381 nm
(Fig. 14d). [82] First principles calculations confirmed that blue shift
emission originated from bandgap broadening. Subsequently, by using
the surface passivation strategy of CdCly, UV PLQY of 60.5% was
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achieved, which is the highest value reported in perovskite so far. The PL
decay kinetics of nanocrystals accelerates with increasing Cd>* doping
(Fig. 14e). The fast/slow decay compositions are attributed to the
electrons trapped on the surface of nanocrystals and the exciton
recombination in the internal structure, respectively.

5.1.2. Cs4PbXg (X=CL Br)

0D inorganic perovskite-like Cs4PbXe system shows interesting
photoelectric properties owing to its strong localized exciton and high
exciton binding energy (150-380 meV). [204,205] It appears as an
optimal host-guest system where the PbXg octahedron is decoupled by
the surrounding Cs ions in the wide band gap matrix, as shown in
Fig. 15a. It’s the complete isolation of the PbXs octahedron that results
in strong quantum confinement and exciton-phonon interactions,
forming exciton localization, self-capture, and polaron. Its special
structure provides a good host for UV emissions. The radiative decay of
the Frenkel exciton at the Pb?" site is thought to be the source of the UV
emission.

Nikl et al. firstly reported that the UV emission band of Cs4PbClg
crystal at 355 nm belongs to the Pb?* cationic excitons, which origi-
nated from the optical transition of 3P0,1—>1$0 in the isolated [PbClg]*
octahedron. [207] Chen’s group reported the presence of UV lumines-
cence derived from Pb?* in Cs4;PbClg with a peak position of 358 nm.
(Fig. 15b) [206] Doping of Mn2" ions introduced a 4T1 g—>6A1 ¢ transi-
tion from Mn?" forbidden rotation at 600 nm. As increase the concen-
tration of Mn?", the luminescence intensity of Mn2?" gradually
increased, while that of UV gradually decreased, indicating that the
energy of Pb?* was effectively transferred to Mn?*. This is further
demonstrated by the reduced PL lifetime of Pb%* (Fig. 15¢). The same
phenomenon was observed in CsPbCls. Interestingly, Xu et al. obtained
the mixed phase of CsPbCl3 and Cs4PbClg in Mn?* doped cesium-lead
chloride, appearing the near-band-gap exciton UV emission of
Cs4PbClg, whose emission is dependent on the excitation wavelength.
[199]

And Yin et al. reported two broad UV emission signatures of
Cs4PbBrg at 340 nm and 400 nm, attributed to >P1—!Sy and a D-state
transition of Pb?" ions, respectively. [56] D-state emissio is produced by
the strong interaction between Pb?" ions occupying Cs* sites and
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[PbBr6]4’ octahedra. Arunkumar et al. showed that the phase stabili-
zation of Cs4PbXg can be enhanced by the addition of manganese to
enhance the octahedral distortion and thus reduce the symmetry of
PbXe. [204] However, as the Mn concentration increases, the emission
of Mn?* from CssPb(Br/Cl)¢ increases and the UV emission (peak at
372 nm) quantum efficiency decreases from 6% to 5% (Fig. 15d). It
suggests that Mn?' plays a role in isolating the PbXs octahedra
(Fig. 15e). Fig. 15f depicts the energy transfer among 3P0’1 18, tran-
sition, D-state emission of Pb%* and Mn?" in Cs4Pb(Br/Cl)g perovskite.

5.2. Lead-free perovskite

Although lead halide perovskites exhibit excellent photo-
luminescence properties, the potential toxicity of lead and its rapid
chemical decomposition at atmospheric humidity seriously hinder its
commercialization. The exploration and development of stable and
efficient lead-free perovskite has become a frontier research hotspot in
the field of perovskite. [208]

Liu et al. found that Cs4CulnaCl;, layered double perovskite rich in
water molecules shows the increasement of PLQY from 0.12% to 1.70%
at the UV band (320 ~ 400 nm) and induced a morphological transition
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(Fig. 16a). The mechanism is to convert the observed dark transition of
self-trapped exciton relaxation into a radiative transition. Additionally,
lead-free perovskite CspHfClg nanocrystals have attracted extensive
attention because of their stability and environmental protection. [209]
The crystal structure shows a typical cubic space group Fm-3m, where
the tetravalent metal ion Hf occupies the central position, producing
isolated [HfCl6]2'octahedra (Fig. 16b). [210] And Han et al. reported
378 nm UV emission from [HfCl6]Z' octahedral intrinsic emission in
CsoHfClg nanocrystals, and there is an increase of the emission intensity
after decreasing excitation wavelength. [63]

Tang et al. have synthesized the 2D perovskite Cs3BizXg with ethanol
as the main solvent using a simple green method. [213] It has a mono-
clinic hexagonal structure, in which each Bi atom forming an octahedron
with the nearest six X (X: Cl, Br, I) atoms and an X-Bi-X angle of about
90°. [214] By changing the composition of the anions (from X =1, Br and
Cl), the PL spectrum of Cs3BizXg QD shifted from 545 nm to 393 nm, and
the PLQY can be significantly enhanced from 0.018% to 26.4% in the UV
band.

Chen et al. found UV emission from the transition of free exciton in
the OD metal halide (CsH;4N3)2BiClg-Cl-2 Hy0, with the emission peak
at 380 nm (Fig. 16¢). [211] As the temperature decreased from 200 K to



M. Deng et al.

>100 nm

Absorbance

Materials Science & Engineering R 159 (2024) 100803

uoissiwg

600

600 400

Wavelength (nm)

Fig. 12. a. Schematic diagram of the formation mechanism and b. Absorbance and PL emission spectra of the CNDs under different conditions [44]. Copyright 2022.

6
100 5 g2 208 O
] O
100 2095
o
. 207(5) 504
2 104 203D
é 3 2‘())6 >202
> @ 202
g 5 ©203
o 14 O o4 7‘97
3 o
73
01 3 T T ‘ T T T
350 360 370 380 390 400

Wavelength (nm)

Fig. 13. Peak PLQY of state-of-the-art UV perovskite nanocrystals.

80 K, PL intensity gradually increased, indicating that the thermal
quenching effect was suppressed, thus promoting radiation recombina-
tion. Sun et al. reported broadband UV emission (392 nm) from 0D
perovskite [BAPrEDA]PbClg-(H20), radiative transition from a triplet
exciton state (Fig. 16d). [212] Remarkably, the enhanced quantum
confinement of OD perovskite and the synergistic effect of highly
localized excitons significantly increased the PLQY up to 21.3%.

Ion doping is considered as an excellent strategy to extend the
luminescence performance of metal halides and to improve PLQY. By
heterovalent doping of Cu* ions, Zhang et al. prepared RbsInClg:Cu with
highly efficient UV luminescence (398 nm), significantly improved
PLQY (95%) and ultra-long lifetime of 13.95 ps (Fig. 16e). [6] It’s the
effective electron isolation, enhanced exciton-phonon coupling, and
reasonable electronic structure that creates bright UV emission
(Fig. 16f).
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6. Applications
6.1. Phototherapy

UV is not only positive in regulating the human immune system, but
also interacts with human skin tissue for phototherapy. [215] And the
intensity, wavelength, and exposure time of light determine the efficacy
of phototherapy. [216] The rapid development of UV light sources
makes it promising for safe and portable home phototherapy devices.

Especially, NB-UVB (311+2 nm) and broad band UVB (BB-UVB,
300-320 nm) has a long and successful history in the treatment of
rickets, skin diseases such as vitiligo [217], psoriasis[218,219] and
cutaneous T cell lymphoma [220], as well as graft-versus-host disease
[221]. UVA (320-400 nm) is mainly used to treat fibrotic skin condi-
tions such as scleroderma and urticaria pigmentosa, as shown in Fig. 17.

Gd®" is the most popular NB-UVB emitting activating ion. LaB3Og:
Gd>*,Pr®* is a commercial available NB-UVB emitting phosphor for the
phototherapy of psoriasis. [222] Moreover, Eu®" activated SrB4O7 and
BayBs09Cl phosphors have a good effect on the treatment of hyper-
bilirubinemia as phototherapy lamps. [223]

6.2. Antibacterial and inactivation

UV, especially UVC and UVB (high energy, 3.9-6.2 eV), is capable to
kills bacteria and viruses by directly destroying their genetic material
(DNA or RNA), thus providing an environmentally friendly, chemical-
free method of sterilization. [224] In daily life, antibiotics are the
main drugs used to treat daily bacterial diseases. However, the irrational
use of antibiotics can lead to serious consequences such as secondary
infections, adverse drug reactions, and the development of drug resis-
tance. The use of biomedical engineering equipment such as UV light
source is expected to replace or supplement antibiotics in the local
treatment of trauma infection, reducing the toxic side effects of drugs
and bacterial resistance in humans.

On the other hand, against the backdrop of novel coronavirus
pneumonia ravaging the world, the regular disinfection of certain en-
vironments and objects in public places such as hospitals and enter-
tainment venues has become inevitable. [224] It is urgent to develop
efficient and portable virus disinfection technologies and products to
facilitate the regular prevention and control of the epidemic. [225]
Mercury lamps are the main source of UV radiation on the market today,
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and are bound to retire due to the Minamata Treaty restricting the use of cost-effective non-toxic UV solid-state light sources.

Hg. [5] Predictably, the new UV luminescent materials provide a strong UV phosphorescent CNDs can inactivate Gram-negative and Gram-
alternative to commonly used sterilization mercury lamps, opening a positive bacteria by emitting high-energy photons for a long time,
new technological path for the development of efficient and with an antibacterial efficiency of more than 99.9% (as illustrated in
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Fig. 18a). [44] With the increase of the irradiation period, the death of
S. aureus and Salmonella increased rapidly, and the bacteria showed
obvious membrane damage under pulsed light excitation (Fig. 18b).
After five cycles, the sterilization efficiency can reach 100% (Fig. 18c).
Confocal laser scanning microscope (CLSM) images also show the high
antibacterial activity of CNDs (Fig. 18d). Xia et al. also demonstrated a
combination of blue light stimulated UV phosphors in inactivating
Staphylococcus aureus. [130]

Due to the broad-spectrum nature of UV, UV light-emitting diodes
(UV-LED) are promising candidates for inactivating SARS-CoV-2, which
is the beta coronavirus causing COVID-19. [227] Griffiths et al.
demonstrated that the use of UVC-LED (280 nm, 3.75 mW/cmz) could
inactivate SARS-CoV-2 in wet droplets within 10 s. [228] A recent study
showed that both wet and dry forms of SARS-CoV-2 could be rapidly
(4-9s) and completely inactivated using a commercially available
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Signify UVC light source (254 nm, 0.849 mW/cm?). [229]

Nomaguchi et al. also investigated the SARS-CoV-2 inactivation ef-
ficacy by different wavelengths of UV-LED (265, 280 and 300 nm).
[226] The results indicated that the dose of UV at each wavelength could
lead to a decrease in the infectivity of SARS-CoV-2 (Fig. 18e). Moreover,
UV at 265 nm was most effective in inactivating SARS-CoV-2, due to the
strong absorption of viral RNA at 265 nm (Fig. 18f).

Buonanno et al. demonstrated that using far-UVC-LED (222 nm) to
kill inactivates human coronaviruses results in ~90% virus inactivation
within ~8 minutes and ~ 99.9% inactivation within 25 minutes, at a
sustained exposure limit of 3 mJ/cm?/hour in occupied public Spaces.
[230] This strongly demonstrates that low doses of UV can safely sub-
stantially reduce environmental levels of coronavirus in public places.
The above studies show that UV has great potential in bactericidal and
antibacterial applications.
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6.3. Plant lighting

Different wavelengths of UV light have different regulatory effects on
plant growth and development, and plants receive different wavelengths
of light through specific photoreceptors: phototropin and Zeitlupes
family proteins receive UVA light signals, and UVR8 (UVResistanceLo-
cus8) protein receives UVB light signals. [231,232] The response of
plants to UVB light is affected by light intensity, wavelength and dura-
tion of exposure. [233] UVB radiation is a key environmental signal
affecting plant growth and development, and UVB with appropriate
intensity and wavelength positively regulates various developmental
processes in plants, such as photomorphogenesis, shade avoidance,
phototropism, and leaf growth and development.[234] A growing body
of research supports supplementing UVB radiation in sustainable crop
production.

Fig. 19a displays the effect of different UV light treatments on the
growth of basil over 10 days. [48] Among them, UVB LED is composed of
solid-state CDs emitting UVB and LED chip for plant lighting. By
comparing the content of chlorophyll and carotenoid, it was found that
UVB irradiation had no significant damage to the photosynthetic system
of plants (Fig. 19b-c). Interestingly, UVB exposure increased ascorbic
acid content and anthocyanin levels in basil by 29% and 35%, respec-
tively (Fig. 19d). It has also been shown that UVB irradiation promoted
the conversion of 7-dehydrocholesterol into vitamin D3 in tomato plants.
[235]

6.4. Imaging and anti-counterfeiting

The persistent luminescence UVC afterglow compensates for appli-
cation scenarios that cannot be realized with visible persistent phos-
phors. It’s a zero-background condition of UVC in atmosphere. so it’s
easy to monitor and record artificial UVC radiation, such as power
company discharge, during the day and night using a high-contrast and
equally effective UVC coronal camera.

Wang et al. used CaAl,SiO7:Pr3* UVC persistent phosphors as a self-
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luminous solar-blind tag, achieving high-contrast sensitive monitoring
in bright environment. [5] Fig. 20a shows that the uncharged white
CaZAIZSiO7:Pr3+ disc with a diameter of 50 mm is virtually indistin-
guishable from the white plate when viewed from a distance of about
8 m under direct sunlight. However, the corona camera clearly detects
the intense UV afterglow radiation of CazAIZSi07:Pr3Jr disc and image in
direct sunlight for up to 2 hours (Fig. 20b-d). UVC radiation is extin-
guished for coronal camera as the decay time exceeds 2 hours. Under
direct sunlight, UVC are also detected on a 20 mm diameter disk
(Fig. 20e, f) and paint made of a powder mixture (Fig. 20g, h). Liu et al.
used UVB persistent luminescence in the MggLuzGe3011:Bi3+ (MLG) to
achieve highly concealed digital encryption, quick response (QR) code
encryption, and trademark encryption. It can be seen that UV light with
unique advantages have great potential in advanced anti-counterfeiting
(Fig. 20i). [144]

6.5. Other applications

In addition to these several promising applications mentioned above,
UV luminescent materials also have important applications in photo
curing and photocatalysis. The technology of curing resins with UV
luminescent materials has been applied in the field of medical-surgical,
dental or implant applications, as well as in 3D printing technology.
[236] The UV-emitting material KszF5:Tm3+ is used to cure photo-
sensitive resins due to the fact that its emission energy is fully compat-
ible with the activation energy of the photosensitive resin.

UV light also provides a unique approach to access the excited states
in photocatalytic technology. And the excited states can be reached by
lower energy radiation under the action of photosensitizer. [237] TiOz is
one of the most popular commercial photocatalysts. It is a wide-band
gap semiconductor oxide photocatalyst, which is only effective for
photocatalysis under UV irradiation. [238] Zn,SiO4:Ga®", Bi** UV long
afterglow material developed by Mei et al. can be used as an additional
light source to promote TiO5 photocatalysis in dark environment.[239]
The researchers also investigated the effect of UV on the degradation of
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anti-counterfeiting under different conditions for digital encryption, QR code encryption, and trademark encryption [144]. Copyright 2022.

toxic compounds such as phenol and naphthalene. [240,241]
7. Conclusions and outlook
Overall, almost all kinds of luminescent materials, including carbon

dot-based nanomaterials, perovskite nanocrystals as well as rare earth or
main group metal ion-activated phosphors have come a long way in just
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two decades. The highest reported PLQY value has exceeded 95% at
398 nm. The rapid development of chip technology and the successful
application cases of visible and NIR light-emitting materials will inevi-
tably accelerate the rapid rise of UV luminescent materials and devices
at the other end of the spectrum, in order to make these materials or
devices more energy-efficient and cost-effective. However, there are still
many challenges that need to be addressed to move UV luminescent
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materials from the laboratory to practical applications.

The first is higher PLQY and longer lifetime. Despite the much higher
PLQY values reported, there are still fewer materials with UVC regional
emission and, more importantly, the efficiency needs to be improved.
The integration of novel perovskite or CDs emitters into LEDs is not yet
mature. [242] Currently developed perovskite, despite their high
quantum efficiency, are not yet suitable for applications such as disin-
fectants and water sterilization because the emission wavelength does
not yet reach the UVC band.

The second is UV safety. UV light is a double-edged sword, the cor-
rect and reasonable use of UV light will have a positive effect on human
health and disease treatment. However, improper use will irritate the
mucous membranes of the skin and the eyes, causing harm to the human
body. Therefore, it is necessary to establish a correct awareness of UV
safety. At the same time, it can be combined with advanced technologies
such as sterilization robots to reduce direct contact with humans.

Finally, faster research and development process. At this stage, UV
luminescent materials mainly rely on a lot of trial and error process to
develop new materials. There is a lack of rational material design
principles and faster screening methods. Therefore, screening of mate-
rial components with the help of high-throughput computation and
high-throughput experiments will greatly accelerate the process of ma-
terial development. Designing UV materials based on computational
models of quantum chemistry or artificial intelligence techniques such
as machine learning may be a promising research direction.

The rapid discovery and extensive research on the mechanisms of UV
luminescence will certainly solve many of these challenges. At the same
time, the integration of machine learning and high-throughput experi-
mental synthesis has great potential to accelerate research on UV
luminescent materials. [243,244] Unveiling the mystery of UV will
broaden the scope of their applications, so that UV light source can enter
the life of ordinary people like lighting source.
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