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Visible-to-Ultraviolet Light Conversion: Materials and
Applications

Yangyang Du, Xiangze Ai, Ziyu Li, Tianying Sun, Yang Huang, Xierong Zeng,
Xian Chen,* Feng Rao,* and Feng Wang*

1. Introduction

Ultraviolet (UV) radiation exhibits great advantages in applica-
tions such as microbial inactivation, photolithography, and pho-
tochemical reactions.[1] Tremendous efforts have been devoted to
the realization of UV light emissions. Direct UV generation from
sealed mercury (253.7 nm), xenon (190–1100 nm), or deuterium

(190–370 nm) gas-based light sources via
injection of electricity are not environmen-
tally benign and requires high operating
voltages.[2] Semiconductors have been
widely developed as efficient light-emitting
materials for electrically-driven lighting
devices, but the selection of semiconduc-
tors for UV light is limited due to the
requirement of wideband structures
(>3.1 eV) with high crystal quality.[3]

Moreover, the conversion efficiencies of
both gas-based and semiconductor-based
electrically-driven light sources remain
low in the UV range, resulting in great
energy consumption. In contrast, visible

and near-infrared (NIR) light can be achieved efficiently and
easily from sun irradiation or various materials such as light-
emitting quantum well layers (InGaN/GaN, AlInP/AlGaInP,
AlGaAs/InGaAs), quantum dots (ZnS, InZnP, InP, CsPbCl3,
CsPbBr3, CsPbI3), and gases (HeNe, Ar2, sodium vapor, halo-
gen).[4] In this regard, an alternative strategy to achieve UV light
is to upconvert long-wavelength radiations using nonlinear opti-
cal (NLO) materials.

UV emission can be achieved by photon frequency upconver-
sion (UC) of NIR or visible radiation. According to the energy
conservation law, conversion of NIR into UV light is a multipho-
ton process that is inherently inefficient.[5] In contrast, visible-to-
UV light conversion typically requires two incident photons to
generate one output photon, which is potentially easier to imple-
ment. In addition, both natural and artificial visible light are read-
ily accessible (Figure 1). For example, more than 50% of solar
energy lies within the visible spectral range.[6] Visible-to-UV light
conversion processes can facilitate the use of solar energy for
technological applications. There is thus an increasing need
for effective production of UV light by irradiation of low-energy
visible light.

The visible-to-UV light conversion processes have four main
mechanisms: second-harmonic generation (SHG; Figure 2a),
two-photon absorption (TPA; Figure 2b), lanthanide-based UC
(Figure 2c,d), and triplet–triplet annihilation (TTA; Figure 2e).
In an SHG process, two incident photons interact with a nonlin-
ear material to generate one photon with exactly twice the initial
frequency (Figure 2a). The physical mechanism of SHG can be
visualized as a “two-step” event by recalling the rules of quantum
mechanics.[7] Any interaction between an optical field and a given
medium is always accompanied by a quantum transition of the
medium among its various eigenstates and a change in photon
distribution among its various modes. The medium will first

Dr. Y. Du, X. Ai, Z. Li, Dr. Y. Huang, Prof. X. Zeng, Dr. X. Chen, Prof. F. Rao
College of Materials Science and Engineering
Shenzhen University
Shenzhen 518060, China
E-mail: xianchen@szu.edu.cn; fengrao@szu.edu.cn

Dr. Y. Du
Key Laboratory of Optoelectronic Devices and Systems of Ministry of
Education and Guangdong Province
College of Physics and Optoelectronic Engineering
Shenzhen University
Shenzhen 518060, China

Dr. T. Sun
School of Chemical Engineering and Technology
Sun Yat-sen University
Zhuhai 519082, China

Prof. F. Wang
Department of Materials Science and Engineering
City University of Hong Kong
83 Tat Chee Avenue, Hong Kong SAR, China
E-mail: fwang24@cityu.edu.hk

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adpr.202000213.

© 2021 The Authors. Advanced Photonics Research published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adpr.202000213

Photon frequency conversion using optical materials is a common strategy for
light generation and utilization. Materials capable of visible-to-ultraviolet (UV)
light conversion have attracted particular attention due to their potential
applications in nonlinear optics, biophotonics, as well as environmental sciences.
There are four main mechanisms of visible-to-UV light conversion processes,
including second-harmonic generation, two-photon absorption, lanthanide-
based upconversion, and triplet–triplet annihilation. Herein, recent develop-
ments in visible-to-UV light conversion materials are collectively reviewed and the
emerging applications are presented. The prospects and challenges for further
development in this field are also highlighted.
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leave its ground state by being excited to an intermediate state
(virtual state) and then to an upper virtual state during annihila-
tion of two photons of the fundamental wave. When the system
returns to its ground state, it yields light emission known as
SHG. The intermediate and upper states are considered virtual
in the sense that their occupation is not certain because the
medium could stay in any of its eigenstates with a certain prob-
ability of distribution. The extremely large uncertainty of the dis-
tribution range indicates that the molecule’s residence time in
the intermediate state should be infinitely short according to
the uncertainty principle.[7,8] This means that these imaginary
two steps of SHG actually occur simultaneously. TPA requires
the absorption of two coherent low-energy photons to establish
a population in a higher-energy state for UV emission
(Figure 2b). Unlike the SHG process, the upper state in the
TPA process is certain and real. The occurrence of TPA-induced
luminescence transition can also be considered as a two-step pro-
cess. In the first step, one photon is absorbed while the material
leaves its ground state to become excited into a virtual interme-
diate state. In the second step, another photon is absorbed while
the same material completes its transition from the virtual inter-
mediate state to the final real excited state. The infinitely short
lifetime of the virtual intermediate state means that high-
power-density (>1 kW cm�2) lasers are required to make these
imaginary two steps of both SHG and TPA occur. Lanthanide-
based visible-to-UV UC involves the sequential absorption of
two photons through real certain energy levels. After being
excited from the ground state into a real intermediate state with

a long lifetime, lanthanide ions may have a chance to reach a
higher excited state by absorbing another photon (ESA;
Figure 2c) or by receiving energy from another excited ion
(energy transfer upconversion, ETU; Figure 2d).[9] The long
lifetime of the intermediate state increases the distribution prob-
ability, so a moderate excitation power (>1W cm�2) is required.
TTA occurs in an organic biomolecular system that comprises a
sensitizer and an acceptor. In a TTA process, the sensitizer is
first excited from the ground singlet state (S0) into the excited
singlet state (S1), followed by intersystem crossing (ISC) to the
triplet state (T1) at a low excitation intensity (>1mW cm�2;
Figure 2f ).[10] The energy is then transferred from the sensitizer
to the direct orbit-overlapped acceptor via triplet–triplet energy
transfer (TTET). This process repeats consecutively to produce
a large number of acceptors in excited triplet T1 states.[11]

Finally, two triplet acceptors collide to undergo TTA, which ends
up with one acceptor being excited into the S1 state while the
other is relaxed into the ground state. The acceptor in the S1 state
finally relaxes back into the ground state and emits shorter-
wavelength light. The intrinsic properties of TTA feature a
low threshold power due to strong organic molecule absorption
and a high quantum yield as a result of the simple energy level
structure.

This review summarizes recent research activities on visible-
to-UV light conversion. We discuss the developments of optical
materials for SHG, TPA, lanthanide-UC, and TTA processes. We
also survey the applications of visible-to-UV light conversion
materials in UV lasers, microbial inactivation, and photoredox

Figure 1. Schematic illustration of UV-driven applications via two-photon visible-to-UV light conversion.

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2021, 2, 2000213 2000213 (2 of 20) © 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.adpr-journal.com


catalysis. We then highlight the prospects and challenges for
future development in this field.

2. Materials for Visible-to-UV Light Conversion

2.1. Second-Harmonic Generation

SHG realizes visible-to-UV light conversion according to the
NLO theory, in which the optical response of materials can be
described by the induced polarization P(ω) as a power series
of the optical field strength E(ω) of the incident light[8]

PðωÞ ¼ χð1Þ � EðωÞ þ χð2Þ � EðωÞ2 þ χð3Þ � EðωÞ3 þ · · ·

þ χðnÞ � EðωÞn
(1)

where the coefficient χ(n) is the nth-order susceptibility tensor of
the material. Specifically, χ(1) and χ(2) correspond to absorption/
reflection and SHG, respectively. SHG only occurs when two
photons interact with non-centrosymmetric media (i.e., material
that lacks a generalized mirror symmetry). Considering these
symmetry constraints, SHG is best produced from structures
without inversion symmetry combined with a high degree of
organization and orientation, such as an array structure of

endogenous structural proteins, semiconductor nanowires,
and metal–organic frameworks.[12] Efficient visible-to-UV SHG
is mostly observed in anisotropic crystals with transparent
windows in the UV regime.

Borate-based NLO crystals, including β-BaB2O4 (BBO), LiB3O5

(LBO), CsLiB6O10 (CLBO), and CsB3O5 (CBO), together with
phosphate-based NH4H2PO4 (ADP) and KH2PO4 (KDP) crystals,
are widely used to achieve visible-to-UV SHG because they fully
satisfy the frequency-doubling requirements.[13] These crystals
display wide transparency, good chemical and mechanical prop-
erties, moderate birefringence (0.06≤Δn≤ 0.1), and a relatively
large SHG coefficient dij, which originates from the borate
anionic group inside the borate crystal. The microscopic
second-order susceptibilities χ(2) and bond energy gaps (ΔEg)
of various borate anionic groups usually follow the order
χ(2)(B3O6)� χ(2)(B3O7)> χ(2)(BO3) and ΔEg(BO3)�ΔEg(B3O7)>
ΔEg(B3O6) (Figure 3a–c).

[14] The large value of χ(2) in BBO crystal
comes from the conjugated p orbit of coplanar (B3O6)

3�

groups.[15] The SHG coefficient value of d22¼ 1.6 pmV�1 in
BBO is four times that of d36¼ 0.39 pmV�1 in KDP at 1.064 nm.
LBO crystal has an SHG coefficient of d32¼ 1.05 pmV�1,
similar to d14¼ 0.75 pmV�1 in CBO and d36¼ 0.95 pmV�1 in
CLBO.[13b] However, the (B3O6)

3� group in BBO shifts the

Figure 2. a) SHG. Both intermediate and emitting states are virtual. b) TPA occurs via a virtual intermediate state with an infinitely short lifetime.
c) In ESA, two photons are sequentially absorbed via a real intermediate energy level of lanthanide ions. d) Energy transfer upconversion (ETU) involves
two lanthanide ions; one ion successively transfers its excitation energy to a neighboring ion to generate emission from a high-energy state. e) TTA. ISC:
intersystem crossing; TTET: triplet–triplet energy transfer.
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group’s bond energy gap to the red side (Figure 3d). Although the
three terminal oxygen atoms of the (B3O6)

3� group can be linked
with other atoms to eliminate the three dangling bonds, the
group’s energy gap is still located at �185 nm (Figure 3g).[16]

In contrast, LBO, CBO, and CLBO crystals with the (B3O7)
5�

group as the basic structural unit give rise to a wider transpar-
ency range in the UV regime because the energy gap of the non-
planar six-membered-ring (B3O7)

5� group shifts to �150 nm
when the four dangling bonds of the group are removed
(Figure 3b,h).[15a] Its major shortcoming as a basic structural unit
is the spatial arrangement of the continuous helices of
(B3O7)n!∞ chains along the z-axis (Figure 3e), which is unfavor-
able for the production of a large birefringence.[16] In this regard,
LBO, CBO, and CLBO crystals fail to produce SHG in the deep
UV range beyond 200 nm because they have a rather small bire-
fringence of �0.045–0.055.[13a,17]

To realize deep UV with SHG, Chen and co-workers reported
KBe2BO3F2 (KBBF) as an excellent NLO crystal.[18] This borate
crystal exhibits densely packed coplanar (BO3)

3� groups as the
building units, which leads to a relatively large birefringence
and high SHG coefficients.[19] The structural arrangement of
the (BO3)

3� group maintains a coplanar configuration
(Figure 3f ), which helps to shift the bond energy gap to

150 nm (Figure 3c).[20] The cut-off wavelength of KBBF crystal
at the UV side is located at 147 nm (Figure 3i) when the group’s
three terminal oxygen atoms are all linked to other atoms (B and
Be) to eliminate dangling bonds. To obtain a large SHG coeffi-
cient, the density of the (BO3)

3� groups per unit volume in the
lattice must be as great as possible to make up for the relatively
small microscopic second-order susceptibilities. Unfortunately,
only one (BO3)

3� group corresponds to two (BeO3F) groups in
each layer of KBBF crystal, which results in a moderate SHG
coefficient of d11¼ 0.49 pmV�1. By substitution of Kþ by Rbþ

and Csþ, RbBe2BO3F2 (RBBF) and CsBe2BO3F2 (CBBF) crystals
with a KBBF-like configuration were obtained and exhibited sim-
ilar SHG coefficients of 0.45 and 0.50 pmV�1, respectively.[21]

Phase-matching (PM) is required to realize SHG in NLO crys-
tals with high optical quality and large crystal size. BBO crystal
cylinders with a diameter of 100mm and a length of 40mm can
be fabricated by the top-seeded solution growth method with NaF
flux.[22] They can be easily cut into high-quality optical elements
with dimensions of 21� 14� 8mm3. Kato et al. measured the
PM angle within the xz plane to obtain the shortest wavelength of
204.8 nm at a PM angle of 90�.[23] They focused a pulsed dye-laser
(409.6 nm, 1MW, 8 ns) onto the crystal and obtained 4% energy
conversion efficiency at a pump power density of near

Figure 3. a) Schematic of the electronic energy levels of the (B3O6)
3� group and Ba2þ ions in BBO crystal. b) Schematic of the electronic energy levels of

the (B3O7)
5� group in LBO crystal. c) Schematic of the electronic energy levels of the (BO3)

3� group in KBBF crystal. d) Structural arrangement of BBO
layers. e) Structural arrangement of the (B3O7)

5� screw-chain in LBO crystal. f ) Structural arrangement of KBBF layers. Transmittance of g) BBO, h) LBO,
and i) KBBF crystals in the UV range. a–c,g–i)Reproduced with permission.[15a] Copyright 2009, Springer; d,e) Reproduced with permission.[16] Copyright
2004, Elsevier; f ) Reproduced with permission.[19] Copyright 2020, The Royal Society of Chemistry.
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120MW cm�2. As for the crystals based on the (B3O7)
5� group,

Mori et al. found that large, high-quality CLBO crystals can be
more readily obtained than LBO or BBO crystals.[13b] They fabri-
cated a CLBO crystal with dimensions of 14� 11� 11 cm3

grown under weak B2O3 flux for 3 weeks. They calculated the
PM curve of SHG as a function of wavelength and predicted a
fundamental wavelength limit of 472 nm.

Due to the constituent group of (BO3)
3�, KBBF crystal should

have SHG emission at even shorter wavelengths. However, it is
very difficult for KBBF crystal to grow large enough for PM angle
curvemeasurements due to its layered structure. Chen et al. over-
came this problem by restricting the nucleation process to a
small and predetermined region, which favors single-crystal
growth. They used this method to synthesize a bulk KBBF crystal
with a transparent area of 50� 40mm2 and a thickness of
�3.7 mm along the z-axis, from which they cut a high-quality
KBBF bulk crystal for device use.[24] They measured the refractive
index using a right-angle prism and further experimentally deter-
mined the PM angles at a fundamental wavelength of 340 nm.
The 266-nm UV laser generation by 532-nm excitation (75 ns
pulses; 10 kHz) was then performed on the KBBF crystal with
a length of 1.5mm along the PM direction of θpm¼ 36.2�.
When the power of the fundamental beam reached 3.1W,
266-nm radiation with an output power of 23.57mW was
obtained. An optimized conversion efficiency of 1.3% was
achieved by correcting the reflective loss at the crystal surface.[14]

To realize strong SHG emission, the power threshold of laser
excitation is ranged from MW cm�2 to GW cm�2 range. These
borate-based SHG crystal also have a high damage threshold
and high thermal conductivity. Results show the damage thresh-
old of KBBF is as high as 60 GW cm�2 at 390 nm with a 200 fs
pulse width and 1 kHz repetition rate laser.

In summary, visible-to-UV lasing emission can be obtained
with the use of NLO crystals through an SHG process. This pro-
cess requires both difficult synthesis conditions for large single-
crystal growth and tight control of optical alignment to satisfy the
PM demands. In addition, NLO crystals are mostly reported for
fabrication of UV lasers and are difficult to integrate with other
materials and devices, which limits the scope of their applica-
tions. SHG processes have recently been reported in arrays of
semiconductor nanowires (e.g., GaP, ZnO, and GaAs) or ori-
ented metal–organic frameworks. The alignment in these
nano/microstructured materials can lead to strong incident local-
ization for frequency-doubling in broad spectral range at the
nanoscale.[12a] Color-tunable light emission was obtained with
NIR-to-visible SHG with a conversion efficiency of up to 10�4

in free-standing GaP nanowires. However, UV emission via
SHG in these small-sized materials has not been reported, prob-
ably because of the materials’ self-absorption.

2.2. Two-Photon Absorption

The concept of TPA was first proposed in 1931 by Goeppert-
Mayer, who predicted a simultaneous TPA process according
to a newly developed quantum theory of radiation.[7] To realize
such multiphoton excitation, a high local intensity (in the range
of MW cm�2 to GW cm�2) of the incident light beam is theoreti-
cally needed. TPA was not experimentally observed until the

invention of laser in the early 1960s. In 1961, Kaiser and
Garrett reported the first observation of TPA-induced lumines-
cence in a CaF2:Eu

2þ crystalline sample excited by intense
694.3-nm coherent radiation from a pulsed ruby-crystal laser.[25]

Various materials have since been demonstrated to perform
TPA-induced luminescence.

TPA materials suitable for visible-to-UV light conversion
require high values for both the absorption coefficient and the
UV emission quantum yield. The intensity (dI) of the light beam
shows quadratic dependence on the input light intensity (I): dI/
dz¼�βI2, where β is the TPA coefficient (in units of cmGW�1).
Organic molecules with a large β have seldom been reported for
visible-to-UV conversion due to the strong self-absorption of
organic materials in the UV region. Insulator materials have
low absorption coefficients but display large bandgaps.
Luminescent centers in these hosts can absorb visible photons
to generate UV emission without suffering from self-absorption.
Yang et al. reported broadband 4f5d emission of Pr3þ ions in
Y2SiO5 crystal via the TPA process.[26] Pumped by a 532-nm
pulsed laser at a power density of 1.2� 108W cm�2

(Figure 4a), the crystals exhibit a broadband spectrum in the
region between 265 and 360 nm, with two peaks at �283 and
313 nm, which are assigned to transitions from the 4f5d to the
lower 3HJ ( J¼ 4, 5, 6) and 3FJ (J¼ 2, 3, 4) multiplets.[26] In
another development, Qiu and co-workers demonstrated
three-photon-absorption-induced luminescence in YAlO3 (YAP):
Ce3þ crystals via femtosecond laser pumping (120 fs; 1 kHz).[27]

Broad purple emission centered at 380 nm was observed, which
was attributed to the 5d!4f transitions in the Ce3þ ions.

TPA has also been observed in many semiconductor materi-
als. However, most of these semiconductors fail to realize UV
emission because of their narrow bandgap.[28] One exception
is zinc oxide (ZnO), which has been widely used in optoelec-
tronic devices due to its wide bandgap and high exciton binding
energy.[29] Dai et al. investigated the NLO properties of a wurtzite
ZnO single crystal and recorded a narrow UV emission band at
395 nm (3.14 eV).[30] The UV emission band is attributed to
the electron–hole plasmons that result from the immediate
renormalization of the ZnO bandgap at 3.37 eV (368 nm).[31]

Other than bulk crystals, TPA has also been reported in
nano/microstructured ZnO materials.[29a,32] Zhang et al. fabri-
cated a ZnO microtube by the hydrothermal method and
observed TPA-induced photoluminescence emission at
393.6 nm (3.15 eV) under excitation of a nanosecond laser at
527 nm (Figure 4b).[33]

Although TPA processes have been realized, the pumping
thresholds are usually high. To this end, surface plasmon
resonance has been used to enhance emissions and lower the
threshold of the power density.[34] Xu and co-workers signifi-
cantly lowered the two-photon excitation threshold of ZnO nano-
rods with the use of localized surface plasmon resonance of
Au nanoparticles assembled on the surface of the nanorods
(Figure 4c,d).[35] An emission peak at 388 nm was detected when
the laser power reach to 8.3 mW (a spot with a diameter of
2mm), which was approximately half of the threshold power
for the pristine ZnO nanorods. The emission intensity of the Au-
decorated ZnO nanorods was considerably higher than that of
the pristine ZnO nanorods under the same excitation conditions.
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Compared with UV generation via SHG, TPA processes do
not necessarily require bulk single-crystal materials or a specific
excitation angle for PM. TPA can occur in materials with large
absorption coefficients, large energy gaps, and high quantum
yields. However, the emission wavelength of TPA relies on gaps
in the energy levels in the lanthanide ions doped in insulators or
the bandgap of the semiconductor materials. Only Pr3þ and Ce3þ

ions with suitable (4f )5d level locations and selected semicon-
ductors with broad bandgaps can emit UV light via TPA.
Moreover, the lifetimes of the virtual intermediate states involved
in a TPA process are infinitely short, which poses the require-
ment of pulsed coherent excitation with high intensity to increase
the likelihood of simultaneous absorption of two photons. In this
regard, TPA is not suitable for applications in which low-power
excitation is either desirable or vital.

2.3. Lanthanide-Based UC

Lanthanide-based photon UC involves real energy levels as inter-
mediate states and thus requires a significantly lower threshold
of excitation power than SHG and TPA processes. Lanthanide-
based UC materials are typically composed of a crystalline host
and lanthanide dopants embedded within the host lattice. The
optical properties of lanthanide ions originate from the unique
features of their [Xe]4fN (N¼ 0–14) electronic configurations.[1a]

Due to the shielding of 4f electrons by the outer 5s2 and 5p6

subshells from crystal-field and vibronic coupling, the lanthanide
ions exhibit long excited-state lifetimes up to the millisecond
range. These long lifetimes increase the distribution probability
in intermediate states and facilitate further excitation to higher
energy levels. Thus, Ln3þ ions do not require very high-power
excitation to allow the UC process to proceed.

Lanthanide-based UC processes include several mechanisms
such as excited-state absorption (ESA), ETU, photon avalanche,
cooperative UC, and energy migration-mediated UC, either alone
or in combination.[9] The vast majority of studies of lanthanide
UC have focused on NIR-pumped conversion in crystals doped
with activator ions such as Tm3þ, Er3þ, and Ho3þ. UV emission
at 382 nm can be realized in an NaErF4 system under direct
continuous-wave (CW) 1532-nm laser excitation due to the
absorption band of the 4I15/2!4S13/2 transition of Er3þ.[36] For
stronger UC luminescence, Nd3þ and Yb3þ ions are often used
as sensitizers. The simple 4f electronic structure of Yb3þ enables
enhanced absorption via high-concentration doping without
inducing noticeable quenching of the excited activator ions.
Yb3þ ions show strong absorption at �980 nm due to their char-
acteristic 4F7/2!4F5/2 absorption transition that resonates well
with transitions of common activator ions.[37] Yb3þ and Er3þ ions
co-doped in an NaYF4 host gave 382 nm UV emission corre-
sponding to the 4G11/2!4I15/2 transition via three-photon UC
by �980 nm pumping.[38] A combination of Yb3þ and Tm3þ

can generate UV emission at 290 and 350 nm due to the

Figure 4. a) Energy-level diagram of Pr3þ in Y2SiO5 crystal shows the UC process by 532 nm laser excitation. b) Schematic diagram of electronic tran-
sitions in ZnOmicrotubes under excitation at 527 nm. c) PL emission intensity at 3.15 eV versus the square of the average excitation power. c) PL spectra
of ZnO nanorod and d) the corresponding Au-decorated ZnO nanorods under excitation of a 520 nm laser beam. Inset: High-magnification SEM images
of the samples. a) Reproduced with permission.[26] Copyright 2007, Optical Society of America; b) Reproduced with permission.[33] Copyright 2005,
American Institute of Physics; c,d) Reproduced with permission.[35] Copyright 2013, Wiley-VCH.
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1I6!3H6 and
1I6!3F4 transitions of Tm

3þ via a five-photon UC
process.[37d,37e] Due to efficient energy transfer from Nd3þ to
Yb3þ ions enabled by resonance between the 4F3/2!4I9/2 transi-
tion of Nd3þ and the 4F7/2!4F5/2 transition of Yb3þ, an efficient
UC process also can be realized under �808 nm excitation cor-
responding to the 4I9/2!4F5/2 transition of Nd3þ.[39] By doping
Gd3þ in the Yb/Tm co-doped system, UV emission was realized
at �312 nm due to Yb3þ!Tm3þ!Gd3þ energy transfer.[37d]

Wang and co-workers also realized broad UV emission in the
range of 310 to 340 nm assigned to the 4f5d transitions
of Ce3þ ions through the use of an NaYbF4:Gd/
Tm@NaGdF4@CaF2:Ce heterogeneous core–shell–shell
structure.[40]

Despite the tremendous achievements in realizing UV emis-
sions from lanthanide ions, these UC processes are generally
accomplished by sequential absorption of multiple NIR photons.
Accordingly, the UC efficiency is relatively low due to radiative or
nonradiative energy losses that occur at all the intermediate levels
states (Figure 5a). Two-photon visible-to-UV UC can theoretically
reduce the likelihood of energy loss due to a simplified UC pro-
cess that involves only one intermediate level. Visible-to-UV UC
emissions have been demonstrated in Ho3þ or Pr3þ-doped mate-
rials via ESA and ETU processes (Figure 5b,c). Qin et al. achieved
UC emissions from Gd3þ ions in Y2O3 ceramics doped with
Ho3þ.[41] Strong UV luminescence at 300 to 330 nm was
observed in Y1.88Gd0.10Ho0.02O3 ceramics by excitation of a
400mW CW solid-state laser at 532 nm. Ho3þ ions absorbed
the pumping photons to populate the coupled 5S2/

5F4 states
via ground-state absorption. 3D3 states were then populated by
ETU or ESA schemes. Although UV emission can be generated
via a low-order two-photon UC process, the emission intensity is
relatively low due to the weak absorption of 4f!4f transitions in
both ground-state absorption and ESA.

4f5d levels usually feature high energy, which makes them
available for generation of UV emissions. In comparison with
the 4f!4f transition, the 4f!4f5d transition of lanthanide ions
exhibit much stronger absorption due to its parity-allowed
nature. With the use of 4f energy levels as the intermediate states
and 4f!4f5d transitions as ESA, strong and broadband UV emis-
sion from the 4f5d level can be realized by sequential absorption
of two visible photons. Moreover, the energy difference between

the 4f5d level and its lower-lying intermediate level can be tuned
via crystal field engineering (host lattice selection). UV genera-
tion can thus be achieved by single-wavelength excitation if
the energy of the ground-state absorption (4f!4f ) and ESA
(4f!4f5d) matches (Figure 5c). Pr3þ is an ideal dopant ion to
achieve visible-to-UV UC because the energy difference between
the 4f5d and 3PJ levels is similar to that between the 3PJ and

3H4

levels in suitable host lattices.
In 2006, Sun et al. first reported broadband UC luminescence

between 270 and 350 nm in Pr3þ-doped Y2SiO5 single crystals
under 488 nm excitation.[42] The radiative transition from the
4f5d state is dominant in the emission spectrum due to a large
energy gap of 16 000 cm�1 between the 4f5d and 3P2 levels. The
ratios of the ETU and ESA rates were determined to be 103, 102,
and 0 for the Pr3þ concentrations of 1%, 0.5%, and 0.02%,
respectively. These results indicate that the ETU process is the
predominant UC mechanism in samples with high Pr3þ concen-
trations, whereas ESA is predominant at low Pr3þ concentra-
tions. In 2011, Kim and co-workers prepared Gd3þ and Pr3þ-
co-doped Y2SiO5 using LiNO3 as the flux agent.[1a] A stronger
integrated UV emission was observed in the Liþ-assisted
X2-phase Y2SiO5 phosphors than those in the X1 phase formed
without lithium flux. These emission peaks were found to be
blue-shifted from 285 to 278 nm, which implies higher energy
of the 5d manifold in the Liþ-assisted X2-phase powders
(Figure 6a).[1a] Gd3þ emission at 314 nm was also observed
due to the energy transfer from excited Pr3þ ions to the Gd3þ

ions (Figure 6b).
To further improve the visible-to-UV UC efficiency, host

matrices with low phonon energy were chosen to increase
the lifetimes of the 3P0 intermediate states. In 2015, Cates
et al. demonstrated a broadband 4f5d emission of Pr3þ in
Lu7O6F9 ceramics. The overall integrated intensity of UC
emission in the Lu7O6F9 host was 1.6 times greater than that
of the Y2SiO5:Pr

3þ host (Figure 6c).[43] Inspired by the effi-
cient visible-to-UV UC process in lutetium oxyfluorides,
our group synthesized Lu6O5F8:Pr/Gd@Lu6O5F8 UC nano-
rods with a mean particle size of 38 � 12 nm (Figure 6d).
Deep UV emission at 315 nm under blue CW laser excitation
at 450 nm was realized for the first time in colloidal solutions
(Figure 6e).[44]

Figure 5. a) Five-photon UC process in Tm3þ. b,c) Two-photon UC process in Ho3þ and Pr3þ. Only transitions in 4f levels are involved in Tm3þ-based and
Ho3þ-based UC processes. UC process in Pr3þ involves electronic transition between 4f and 4f5d levels.
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To investigate the origin of intensified UC luminescence,
Cates et al. measured the lifetimes of the 3P0 intermediate state
in both Lu7O6F9:Pr

3þ (15.5 μs) and Y2SiO5:Pr
3þ (3.1 μs) ceramics

(Figure 6e).[43] The obtained results are surprising because the
lifetime (τ) of Lu7O6F9:Pr

3þ is five times longer than that in
Y2SiO5:Pr

3þ, whereas the UC intensity was found to be only
1.6 times stronger. The discrepancy between the observed
intermediate-state lifetimes and UC intensity was attributed to
a 1D2þ 3PJ!4f5d þ 3H4 ETU process, referred to as the 1D2-
ETU mechanism. Pr3þ ions that are excited to the 3PJ level
can relax to the 1D2 state via cross-relaxation or multiphonon
relaxation, which can then be promoted to the excited 4f5d state
via energy transfer from another neighboring excited Pr3þ if
there is good resonance between the 1D2!4f5d and 3PJ!3H4

transitions (Figure 6f ). This 1D2-ETU process was confirmed
by the slow residual decay at 260 nm in Y2SiO5:Pr

3þ, which indi-
cates that a longer-lived state than 3P0 (τ¼ 3.1 μs) is participating
in populating the excited 4f5d states after termination of the exci-
tation laser pulse (Figure 6g).[43] The 4f5d decay profile of Y2SiO5:
Pr3þ showed a lifetime of 5.6 μs. They also detected much longer
1D2 lifetimes in Lu7O6F9:Pr

3þ (63 μs) than in Y2SiO5:Pr
3þ

(27 μs). These results suggest the existence of 1D2-ETU in
Y2SiO5:Pr

3þ. Thus the detrimental effects of relatively

short 3PJ lifetimes in the Y2SiO5:Pr
3þ would be alleviated by

1D2-ETU. This 1D2-ETU mechanism was further demonstrated
in pyrosilicate β-Y2Si2O7:Pr

3þ ceramic.[45] This material shows
the most efficient UC, with a 3.9-fold improvement over that
of X2-Y2SiO5:Pr

3þ (Figure 6h).
Overall, lanthanide-based visible-to-UV UC materials can

achieve deep UV emission at excitation powers much lower than
required for SHG and TPA. For example, 265 nm emission from
Y2SiO5:Pr

3þ via a TPA process requires a pulsed laser with a
power density of 1.27� 108W cm�2, whereas lanthanide-based
UC with 4f intermediate levels can be efficiently realized by
CW lasers (<1 kW cm�2). However, the required excitation
power of the lanthanide-based visible-to-UV UC materials
remains beyond the power density of commonly accessible visi-
ble light sources such as solar radiation, LEDs, and fluorescent
lamps (<100mW cm�2).[1a] To make full use of these low-power
sources, a visible-to-UV UC process that can be achieved via sub-
stantially low-power-density excitation is eagerly demanded.

2.4. Triplet–Triplet Annihilation

TTA can produce low-power excited emission with high quan-
tum yield due to the strong absorption of organic sensitizers

Figure 6. a) UC emission spectra of Y2SiO5:Pr
3þ phosphor powders under 488 nm laser excitation. b) Schematic illustration of UC process in Pr3þ and

Gd3þ ions. c) UC emission spectra of Lu7O6F9:Pr
3þ (LOF:Pr3þ) and Y2SiO5:Pr

3þ (YSO:Pr3þ) under 447 nm excitation. d) UC emission spectrum of
Lu6O5F8:Pr/Gd (1/5%)@Lu6O5F8 nanorods under excitation of a 450 nm diode laser. Inset: TEM image of Lu6O5F8:Pr/Gd (1/5%)@Lu6O5F8 nanorods.
e) Decay profiles of 3P0 in Lu7O6F9:Pr

3þ and Y2SiO5:Pr
3þ under 488 nm excitation. f ) Proposed ETU mechanism involving a Pr3þ ion that has relaxed to

the 1D2 level. g) Luminescence decay profiles of LOF:Pr3þ UC emission (blue), YSO:Pr3þ UC emission (red), and instrument response (black). Inset:
zoomed-in view. h) Emission spectra of optimized β-Y2Si2O7:Pr

3þ (orange) and Y2SiO5:Pr
3þ (blue) ceramics. a,b) Reproduced with permission.[1a]

Copyright 2011, American Chemical Society; c,e–g) Reproduced with permission.[43] Copyright 2015, Elsevier; d) Reproduced with permission.[44]

Copyright 2019, Wiley-VCH; h) Reproduced with permission.[45] Copyright 2016, Royal Society of Chemistry.
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and a simple TTA process.[46] The realization of efficient TTA
emission requires sensitizers with high ISC coefficients, long
triplet excited state lifetimes, and weak absorption of emission
lights. Efficient acceptors should have high fluorescence quan-
tum yields, suitable energy triplet states, and long triplet state
lifetimes.[47] Various metalated triplet sensitizers have been
adopted because the heavy-metal component (Pd, Pt, Ru, Ir,
Zn, or Cu) strongly enhances the spin–orbit coupling, which
yields singlet–triplet ISC efficiencies near unity.[45] When com-
bined with appropriate acceptors, upconverted emission can be
generated in TTA systems. The benchmark TTA system is com-
posed of 9,10-diphenylanthracene (DPA, blue) as the acceptor
due to its high quantum yield and palladium(II) octaethylpor-
phyrin (PdOEP) as the sensitizer because of its long triplet state
lifetime and high ISC coefficient.[48] It achieves a green-to-blue
TTA and the quantum yield can reach as high as 22%.[48d]

To realize visible-to-UV TTA, the emitting acceptors should
have higher-energy triplet states than typical visible-emitting
acceptors. The sensitizer should therefore have a high triplet
state to ensure efficient TTET from sensitizer to acceptor.
Cyclometalated iridium(III) complexes with high-energy triplet
levels are suitable candidates to pair up with various acceptors.
In 2006, Castellano and Zhao. reported upconverted lumines-
cence at 360 to 420 nm with the use of Ir(ppy)3 (ppy¼ 2-phenyl-
pyridine) as the sensitizer and pyrene as the acceptor.[49]

However, pyrenes tend to form excimers, leading to depletion
of the energy stored in the singlet excited states. Therefore, a
high-power-density 450-nm pulsed laser is needed to provide suf-
ficient excitation energy. In 2009, Castellano and Singh-Rachford
demonstrated low-excitation-power visible-to-UV TTA for the
first time via triplet sensitizer 2,3-butanedione (biacetyl) and laser
dye 2,5-diphenyloxazole (PPO).[50] Selective 442 nm CW laser
excitation of 0.389W cm�2 resulted in singlet luminescence
from PPO in the UV range centered at 360 nm, with a maximum
TTA quantum yield (ΦTTA) of 0.58%� 0.02%.

To develop a low-power-excited TTA system, Yanai and co-
workers used chromophore arrays in a nonpolar ionic liquid
domain as the acceptor, which allowed effective triplet exciton
diffusion for efficient TTET.[51] They designed a new
P66614PPOS ionic liquid composed of a flexible alkyl-chained
cation of trihexyltetradecyl phosphonium (P66614) and an UV-
emitting anion of 4-(2-phenyloxazol-5-yl)benzenesulfonate
(PPOS) (Figure 7a). Ir(ppy)3 was used as the triplet sensitizer
because its triplet energy level (2.4 eV) is slightly higher than that
of PPO (2.3 eV), which facilitates the triplet energy transfer
(TET). Upon excitation by a CW laser at 445 nm in the donor-
doped ionic liquid, an upconverted UV emission centered at
378 nm was observed. Due to a large triplet diffusion coefficient
in the ionic liquid and a high absorption coefficient and a long
triplet lifetime of PPOS, a relatively low excitation threshold
intensity (Ith) of 61mW cm�2 was obtained along with a maxi-
mum ΦTTA of 0.44% (Figure 7b,c).[51] The incident power depen-
dence changed from quadratic to linear above Ith, where the
concentration of triplets was sufficiently high that the annihila-
tion route was favored over spontaneous decay relaxation. Above
the Ith, TTA became the main deactivation channel of acceptor
triplet, and the quantum yield was maximized.

The ΦTTA can be further increased with the use of sensitizers
with strong absorption in the visible region and minimized

absorption in the UV range. Accordingly, Kimizuka and
co-workers introduced Ir(C6)2(acac) (C6¼ coumarin 6, acac¼
acetylacetone) as a new sensitizer and 2,7-di-tert-butylpyrene
(DBP) as a typical acceptor (Figure 7d,f ).[52] Spectral overlap
between acceptor emission and sensitizer absorption is much
less for Ir(C6)2(acac) than for Ir(ppy)3. A mixed solution of
DBP and Ir(C6)2(acac) in de-aerated DMF displayed intense
TTA emission between 370 and 420 nm under 445-nm laser exci-
tation. The Ith value was 0.78mW cm�2 when the concentration
of Ir(C6)2(acac) was 0.5mM, which is the low record for visible-
to-UV TTA. The ΦTTA of the Ir(C6)2(acac)–DBP system grew as
the excitation power density increased and reached a maximum
of 1.0%. Recently, they further used 1,4-bis((triisopropylsilyl)
ethynyl)-naphthalene (TIPS-Nph) as a novel superior acceptor
due to its high fluorescence quantum yield and high singlet gen-
eration probability by TTA.[53] By the combination of TIPS-Nps
and Ir(C6)2(acac), efficient visible-to-UV emission can be realized
even under the irradiation of weak light source sunlight simula-
tor or room LED. The visible-to-UV TTA-UC efficiency can reach
to 20.5%, which is the highest quantum yield in the visible-to-UV
TTA systems reported to date.

Most conventional cyclometalated iridium complexes are poor
photosensitizers due to their rapid radiative decay and thus short
triplet lifetimes. The quantum yield of TTA can also be enhanced
by prolonging the triplet lifetimes. Jiang et al. developed a series
of bichromophoric triplet sensitizers that featured a bichromo-
phoric scaffold comprising a tris-cyclometalated iridium(III)
complex covalently tethered to a suitable small organic molecule
(Figure 7g).[54] The very rapid intramolecular TET from the metal
complex to the small molecules outcompetes the radiative and
nonradiative decays inherent to the metal complex and thus pro-
duces localized long-lived triplet excitons readily available for
TTA. These sensitizers manifested ultralong triplet lifetimes
of up to a few milliseconds but still maintained impressively
low nonradiative energy loss. Using the optimized sensitizer
structure in combination with DBP as the acceptor, they demon-
strated efficient visible-to-UV TTA in polyurethane films by exci-
tation of 450 nmmonochromic light from a Xe lamp (Figure 7h).
A quantum yield of 2.6% was reached, which is the highest value
yet achieved for visible-to-UV TTA in solid states.

In addition to spin–orbit coupling-enhanced ISC by heavy
atoms, organic molecules with a small singlet–triplet energy
gap (ΔEST) allow efficient S1!T1 ISC via highly efficient spin
conversion produced from first-order mixing of singlet and trip-
let states. These molecules provide another choice for the devel-
opment of a triplet photosensitizer without heavy atoms. In 2016,
Peng et al. selected 4CzPN and 4CzIPN molecules derived from
carbazolyl dicyanobenzene as good sensitizers for efficient TTA
(Figure 8a).[55] Clearly detectable TTA emission from the accep-
tor DBP upon mixing with 4CzPN or 4CzIPN in toluene was
observed by excitation at 450 nm with a Xe lamp (Figure 8b).
A TTA quantum yield of 4.4% was reached with 4CzPN.

The small ΔEST can also reduce the energy loss during ISC
and expand the choice of acceptors. In 2016, Kimizuka and
co-workers used this heavy-metal-free sensitizer with an
extremely small S1–T1 gap to maximize the anti-Stokes
shift (Figure 8c).[56] By combining 4CzIPN as the donor and
p-quaterphenyl (QP) as the acceptor, strong TTA UV emission
below 400 nm was realized, with a large anti-Stokes shift of

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2021, 2, 2000213 2000213 (9 of 20) © 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.adpr-journal.com


0.73 eV (Figure 8d). The crossing point of the quadratic and lin-
ear fitting lines gave a relatively high Ith value of 775mW cm�2

(Figure 8e). The ΦTTA reached a maximum of 3.9%, which is
fairly high for visible-to-UV TTA.

Nanocrystal (NC) sensitization of TTA has become another
research hotspot because NC-based triplet sensitizers have high
molar absorptivity, excellent photostability, and size-tunable opti-
cal profiles, which results in high luminescence quantum
yields.[57] Concentration of NC sensitizers should be low to avoid
reabsorption of TTA emission by NCs. In 2017, Tang and co-
workers demonstrated the first visible-to-UV TTA with the use
of a series of CdS/ZnS core-shell NCs as sensitizers
(Figure 9a).[57b] In this system, they described a TET from
CdS NCs to bound 1-naphthoic acid (1NCA) molecules, followed
by TET to the PPO acceptors that generate UV luminescence
(Figure 9b). CdS/ZnS core-shell NCs were chosen in particular
because they have fewer surface trap states than CdS core NCs,

which allows more efficient photosensitization. Because both
CdS and ZnS shells act as a tunneling barrier for hole transport
from CdS NCs to surface-bound ligands, a maximum ΦTTA of
5.2%� 0.5% was realized under 405 nm excitation as the thick-
ness of the ZnS shell increased to 1.2 nm (four monolayers;
Figure 9c). Further growth of the ZnS shell led to a decrease
in the TTA quantum yield as the ZnS shell suppressed TET from
the CdS core to molecular acceptors.

Due to the strong absorption and high quantum yield of lead-
halide perovskite NCs, Kimizuka and co-workers used CsPb(Cl/
Br)3 NCs (9.1 nm) as the sensitizers for PPO acceptors. The Ith
was 4.7W cm�2 and the ΦTTA was over 4%.[58] The Ith value was
increased and theΦTTA value was decreased relative to TTA when
CdS/ZnS was used as the sensitizer. He et al. attributed these
effects to the occurrence of back energy transfer from NCA trip-
lets to NCs. In 2019, they achieved a great anti-Stokes shift of
0.7 eV and a high ΦTTA of 10.2% in a TTA system sensitized

Figure 7. a) Chemical structures of Ir(ppy)3 donor and P66614PPOS acceptor. b) TTA emission spectrum of neat P66614PPOS doped with Ir(ppy)3.
c) Double logarithm plot of TTA emission intensity of neat ionic liquid P66614PPOS against the incident light power density. d) Molecular structures
of Ir(C6)2(acac) and DBP in de-aerated DMF. e) TTA spectra of the Ir(C6)2(acac)–DBP pair. f ) Normalized integral TTA emission intensity of the
Ir(C6)2(acac)–DBP pair measured as a function of 445 nm excitation power. g) Chemical structures of cyclometalated iridium(III) complexes.
h) TTA emission spectra of de-aerated toluene solutions of DBP mixed with various sensitizers. a–c) Reproduced with permission.[51] Copyright
2020, Wiley-VCH; d–f ) Reproduced with permission.[52] Copyright 2014, The Royal Society of Chemistry; g,h) Reproduced with permission.[54]

Copyright 2016, American Chemical Society.
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Figure 9. a) TET from CdS NCs to a bound 1NCA molecule, followed by TET to the acceptor 2,5-diphenyloxazole (PPO). b) Anti-Stokes emission from
PPO in hexane, sensitized by 3.6 nm CdS core NCs with four monolayers of ZnS shell. c) Photoluminescence quenching efficiency (ΦQ) and the TTA
quantum yield (ΦTTA) for the same samples as a function of ZnS shell thickness. d) Energetics and mechanisms of the CsPbBr3-sensitized visible-to-UV
TTA system. e) TTA emission spectra with varying excitation power densities. f ) Integrated TTA emission intensities as a function of the excitation power
density (purple squares) and the fits in the quadratic (red line) and linear (blue line) regimes. a–c) Reproduced with permission.[57b] Copyright 2017, The
Royal Society of Chemistry; d–f ) Reproduced with permission.[59] Copyright 2019, American Chemical Society.

Figure 8. a) Chemical structures of CDCB-derived heavy-atom-free sensitizers for TTA. b) TTA emission spectra of DBP in the presence of the studied
photosensitizers in de-aerated toluene. c) Chemical structures of a 4CzIPN sensitizer and UV-emitting acceptors QP. d) TTA spectra of 4CzIPN and QP in
de-aerated benzene under excitation of a 445 nm laser at various intensities. e) TTA emission intensity for de-aerated 4CzIPN-QP benzene solution
as a function of the excitation intensity. a,b) Reproduced with permission.[55] Copyright 2016, The Royal Society of Chemistry; c–e) Reproduced with
permission.[56] Copyright 2016, The Royal Society of Chemistry.
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by quantum-confined CsPbBr3 perovskite NCs (�3.5 nm)
(Figure 9d).[59] These NCs can efficiently sensitize NCA triplets,
but the reverse TET from long-lived NCA triplets to NC was suc-
cessfully suppressed because the bandgap of the NCs is 2.75 eV,
or 0.15 eV larger than that of NCA. By optimizing the choice of
solvent and the concentration of PPO acceptors and NC sensi-
tizers, a relatively low Ith of �1.9W cm�2 was realized, and
the ΦTTA reached 10.2% (Figure 9e,f ).

Overall, TTA materials exhibit extremely low excitation power
and a high quantum yield, so they have been widely adopted to
use visible light with a low power density. However, some short-
comings limit their applications. First, two chromophores are
required to dissolve in liquid systems to ensure triplet mobility
for efficient energy transfer. Second, the excited triplet states
of organic molecules involved in the TTA system are easily
quenched by molecular oxygen dissolved in solvents. One strat-
egy to avoid this problem is to use viscous droplets, polymers, or
co-assembly of molecular groups as oxygen barriers.[49,60]

However, these methods inevitably slow the diffusion of TTA
chromophores or deactivate triplet states and therefore lead to
a reduced quantum yield. Third, the TTA process is unlikely
to realize deep UV emission due to the limited acceptor singlet
energies and strong UV absorptions of organic chromophores
and solvents. The most highly energetic excited annihilator sin-
glets have maximum energies of �3.6 eV, approximately corre-
sponding to 345 nm. In 2020, Kerzig and co-workers addressed
this issue in an aqueous TTA system with water-soluble iridium
complexes as sensitizers and water-soluble naphthalene deriva-
tives as acceptors.[61] They demonstrated blue-light-driven TTA
in water with unprecedented singlet-state energies approaching
4 eV with an anti-Stokes shift as high as 1.09 eV. However, the
maximum ΦTTA was only �0.07% due to the low quantum yield

of the 1,5-naphthalenedisulfonate acceptor. Further efforts in
TTA systems should be devoted to the development of efficient
aqueous TTA materials with a short emission wavelength, low
power threshold, and high quantum yield.

3. Applications

Via photon frequency UC, applications that require UV light may
be realized by visible light radiation, which is easy and inexpen-
sive to access. In this section, we summarize the applications of
visible-to-UV light conversion materials in UV lasing, microbial
inactivation, and photoredox catalysis.

3.1. UV Lasing

UV lasers have attracted considerable research attention due to
their wide applications from science to industry. Electrically-driven
UV laser diodes can be based on semiconductors, but the selection
of wide-bandgap light-emitting semiconductor materials is mainly
limited to GaN-based semiconductors or ZnO.[62] Doping alumi-
num to GaN-based semiconductors can shift the wavelength to the
short-UV range (below 350 nm), but it is difficult to grow high-
quality AlGaN layers for efficient UV generation.[63] Optically
pumped lasers offer a promising alternative to expand the selec-
tion of gain mediummaterials. With the use of visible-to-UV light
conversion materials as gain media, UV lasing can be achieved by
pumping with easily available visible lasers.

SHG has been widely used in the laser industry because the
output radiation via an SHG process is always lasing emission.
SHG is beneficial for achieving deep or vacuum UV lasers. The
short-wavelength limits of SHG in BBO, LBO, and CLBO crystals

Figure 10. a) Schematic of a special prism-coupling technique with KBBF. b) Photograph of the KBBF optical contact prism-coupled setup. c) Average
power at 200 nm as a function of the 400 nm input power. d) Output power at 193.5 nm as a function of 387 nm fundamental power. a) Reproduced with
permission.[15a] Copyright 2009, Springer; b–d) Reproduced with permission.[24] Copyright 2008, The Optical Society of America.
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have been respectively realized at 204.8, 277, and 238 nm via vis-
ible laser excitation.[14] KBBF can be used to obtain lasing emis-
sion with wavelengths below 200 nm due to its wide
transparency. However, the SHG efficiency is very low because
it is still difficult to grow large KBBF crystals for cutting along the
SHG PM direction. Chen et al. invented a special prism-coupling
technique to maximize SHG efficiency by designing a sandwich
structure with KBBF crystal placed between two prisms (UV-
fused silica or CaF2 crystal; Figure 10a,b).[24] When the funda-
mental incident wave lies in the normal direction of the prism,
the angle of refraction in KBBF is equal to the prism’s apex angle.
They used this device to experimentally demonstrate harmonic
generation of deep-UV lasing by excitation of a Ti:sapphire laser
at 800 nm. An LBO crystal was first used to produce a frequency-
doubled SHG 400-nm laser beam. A KBBF prism-coupling tech-
nique was then used to generate the fourth harmonic at 200 nm

with average power as high as 1.07W when the input power of
400 nm excitation is 8W (Figure 10c). The authors also generated
193 nm radiation with a maximum average output power of
50mW by excitation at 387 nm (Figure 10d). Similar results were
observed in the RBBF crystals. The fourth harmonic generation
of Ti:sapphire lasers was realized with the use of the RBBF
prism-coupling technique and coherent light. The output of
deep-UV lasers with power above 75mW was obtained at
193.5 and 200 nm under a strong focusing condition.[21]

In addition to the pulsed-laser source, CW lasers also can be
achieved with SHG.[64] Tangtrongbenchasil and coworkers
presented �220-nm UV lasing with SHG by the excitation
of a 440 nm blue laser diode and an NLO crystal of BBO
(Figure 11a).[65] The maximum average power of the blue
laser diode was 60mW, corresponding to a power density of
3.2 kW/cm2 around the focus region (37.4� 16.0mm). The

Figure 11. a) Setup for 220 nm UV generation based on SHG using a tunable laser diode system. b) Experimental results of 220 nm range SHG power
versus fundamental power. c) Setup for 222.5 nm UV emission based on high-power GaN external cavity diode laser. (1) FP laser diode, (2) collimating
lens, (3) holographic surface diffraction grating with 3600 lines/mm, (4) mirror, (5) beam shaping optics, (6) focusing lens, (7) collimating lens, (8) CaF2
prism, (9) beam dump, (10) focusing lens, (11) SiC-UV-photodiode. d) Generated 222.5 nm SHG power versus fundamental pump power (dashed line:
numerical fit PSHGη¼ P2 PUMP). e) Schematic diagram of SHG using semiconductor microdisc laser. BRF: birefringent filter; M2–M5: high-reflectivity
mirrors. f ) Total SHG power as a function of the input power in (e). a,b) Reproduced with permission.[65] Copyright 2008, Japan Society of Applied
Physics; c,d) Reproduced with permission.[66] Copyright 2015, The Optical Society of America; e,f ) Reproduced with permission.[67] Copyright 2017,
Institute of Electrical and Electronics Engineers Inc.
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experimental results showed that the maximum SHG was at the
wavelength of 219.5 nm and the conversion efficiency
was 0.33� 10�3% (Figure 11b).[65] To improve the conversion
efficiency, Ruhnke et al. demonstrated deep UV lasing at
222.5 nm in BBO crystal through a high-power external GaN cav-
ity diode laser working at 445 nm (Figure 11c). The cavity allows
high power to be stored in the resonator for efficient frequency-
doubling within the nonlinear crystal. A maximum UV power
of 16 μW was generated for a pump power of 680mW. The exper-
imental data points were fitted with the function PSHG η¼ P2PUMP

according to the quadratic conversion efficiency (Figure 11d),
giving a value of ηexp¼ 4.2� 10�5W�1 for the normalized conver-
sion efficiency. However, the external cavity design leads to rather
complex and bulky setups.[66]

Hastie and co-workers reported a CW laser with a simplified
intracavity design under pumping of a commercial solid-state laser
at 532 nm (Figure 11e).[67] A semiconductor disc laser composed
of GaInP quantum wells and AlGaInP barriers converted 532 nm
excitation to fundamental emission at 674 nm. With 532 nm
pumping up to 5.5W, the intracavity fundamental power reached
63W, and the total SHG power produced exceeded 120mW
(Figure 11f ), resulting in a conversion efficiency of 0.2% from
the intracavity fundamental power to the SHG at 337 nm.

In addition to lasing from bulk crystals, micro/nanostructured
materials can be used as gain media to develop UV lasers for
micro-nano optics. 1D ZnO materials have been widely applied
in the construction of UV nanolasers with relatively low optical
pumping thresholds, as the two end facets of 1D ZnO can serve

as Fabry–Pérot mirrors. In 2009, Zhang et al. reported room-
temperature lasing via TPA under femtosecond-pulse excitation
at 700 nm in ZnO nanowires with an average diameter and
length of �180 nm and 10 μm, respectively (Figure 12a).[68]

Lasing action was realized when the excitation density reached
160 μJ cm�2 (Figure 12b,c). The low-threshold lasing behavior
was attributed to the 14.7-fold enhancement of the TPA coeffi-
cient in ZnO nanowires compared with the bulk counterpart
(49.9 cmGW�1 vs 3.4 cmGW�1) due to intensification of the
localized optical field in ZnO nanowires.[68] In addition to the
1D Fabry–Pérot cavity, c-axis symmetrical ZnO micro-discs
and micro-rods can also serve as a whispering-gallery-mode cav-
ity in which the light wave propagates circularly through total
internal reflections at the resonator’s boundary. However, these
whispering-gallery-mode UV lasers often show a high threshold
pump power in excess of 1 TW cm�2 due to multiple reflections
in the six lateral sides.[69]

In addition to UV lasers based on TPA processes, Wang and
co-workers incorporated Pr3þ-doped oxyfluoride nanorods into
silica resin microcavities with a bottle-like geometry and
observed lasing emission via the formation of a whispering-
gallery-mode by 447 nm pulsed laser pumping (Figure 12d).[44]

As the excitation power increased over the pumping threshold
(Pth), well-defined narrow sharp peaks ascended from the emis-
sion bands with a full-width at half-maximum of �0.1 nm at
313 nm (Figure 12e,f ). However, high pumping power in the
MW cm�2 range was needed to initiate the lasing action, mainly
due to the weak absorption of the Pr3þ activator.

Figure 12. a) SEM micrograph of structures of synthesized ZnO nanowires used in lasing experiments. The average diameter and length of the ZnO
nanowires are 180 nm and 10 μm, respectively. b) TPA-induced emission spectra from the ZnO nanowires under various excitation intensities. Inset:
optical micrograph of a lasing ZnO nanowire pumped in the TPA regime. c) Integrated emission intensity versus excitation power density in the ZnO
nanorods through TPA process. d) Schematic of the microcavity and excitation setup for measurement of lasing actions in Lu6O5F8:Pr

3þ, Gd3þ nanorods.
e) Output intensity versus excitation power in microresonators of various diameters. f ) Emission spectra under various excitation powers for micro-
resonators with diameters of 100 μm. a,b) Reproduced with permission.[68] Copyright 2009, The Optical Society of America; c,d) Reproduced with
permission.[44] Copyright 2019, Wiley-VCH.
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3.2. Antimicrobial Surfaces

UC of visible light into germicidal UV light allows
phosphor-coated materials to act as light-activated antimicrobial
surfaces. The concept of constructing an antimicrobial surface
using NLO materials was first reported by Cates et al. in 2011
(Figure 13a).[1b] They asserted that Pr3þ is the most suitable acti-
vator because it contains numerous energy levels than can absorb
violet, blue, and cyan light. In addition, the reasonable energy
match between the intermediate states and the emitting 4f 5d level
allows for visible-to-UV UC. Using the visible-to-UV UC
capabilities of Y2SiO5:Pr

3þ and Y2SiO5:Pr
3þ, Gd3þ, surface inacti-

vation of Bacillus subtilis spores and biofilm growth inhibition of
Pseudomonas aeruginosa by a phosphor-coated surface were demon-
strated under illumination of a commercial fluorescent lamp.
However, the optical conversion efficiency of Y2SiO5:Pr

3þ, Gd3þ

was too low for practical application under ambient light excitation.
A biodosimetric model estimated that the efficiency of blue-to-UV
UC under low power excitation was 0.001%.[1a] As a result, the
observed inactivation kinetics were slow and required 10 days of
light exposure to achieve 90% reduction in viable spores
(Figure 13b). They speculated that conversion efficiencies should
be one or two orders of magnitude greater for a surface to show
effective antimicrobial action under ambient light excitation.

Because the UC emission intensity in Lu7O6F9:Pr
3þ ceramics

is 1.6 times greater than that in Y2SiO5:Pr
3þ, Cates and

co-workers further performed microbial inactivation with
laser-irradiated UV UC. Pellets of Lu7O6F9:Pr

3þ ceramic and pel-
lets of undoped control ceramic were incorporated into small-
batch reactors whose ceramic surfaces were in contact with
1.5mL of E. coli bacteria suspension and provided a quartz win-
dow for argon laser excitation (Figure 13c).[1a] As a control experi-
ment, the laser beam was allowed to scatter off an undoped
Lu7O6F9 pellet placed against the exterior of the cuvette to imitate
the scattered light. The reactor containing the undoped Lu7O6F9
control showed 0.5-log inactivation after 20min. E. coli inactivation
was distinctly faster with the use of Lu7O6F9:Pr

3þ in the reactor,
achieving a 4.1-log reduction in 20min (Figure 13d). The faster
inactivation kinetics were clearly a result of UV emission by
the ceramic.

3.3. Photoredox Catalysis

Photoredox catalysis mediated by light as a source of energy has
been developed as an environmentally-friendly and economical
route to accelerate photochemical reactions via a single-electron
transfer process from the excited electron and hole pairs in a pho-
tocatalyst to chemical compounds.[1b,70] The use of photocatalytic
water splitting for hydrogen production has attracted great inter-
est from the energetic view to use the most exploitable renewable
source, namely, solar energy. TiO2 and titanates are the most
widely used photocatalysts because of their high chemical

Figure 13. a) Schematic illustration of UC antimicrobial surface and confocal scanning laser microscopic images depicting biofilm growth on glass (left)
and UC phosphor-coated (right) surfaces. Green represents cells with intact membranes, and red shows cells with disrupted membranes. b) B. subtilis
spore inactivation kinetics on dry Y2SiO5 phosphor-coated surfaces with different doping schemes. c) Experimental setup of laser-excited UC disinfection
experiments. d) Inactivation of E. coli suspensions in reactors that contain undoped Lu7O6F9 or Lu7O6F9:Pr

3þ ceramics under excitation of an argon-ion
laser. a,b) Reproduced with permission.[1a] Copyright 2011, American Chemical Society; c,d) Reproduced with permission.[77] Copyright 2015, Elsevier.
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stability, nontoxicity, low cost, and efficient generation of elec-
trons and holes.[71] However, TiO2 and titanates only absorb
UV light, which accounts for only 4% to 5% of the solar spectrum.
As a result, photocatalytic materials with the ability to absorb visi-
ble light have been developed, but these materials suffer from
severe photocorrosion issues when compared with TiO2, titanate,
and other d0 metal oxides with energy bandgaps corresponding to
a UV photon. Activation of UV-responsive photocatalytic materi-
als for hydrogen production by irradiation of visible light is
among the most challenging tasks in the photocatalysis field.

NLO materials offer a promising solution to tackle this prob-
lem by converting visible irradiation into UV light. In 2017, Lu
and co-workers designed a visible-light-driven photocatalyst
assembly composed of Y2SiO5:Pr

3þ as the visible-to-UV light
conversion material, CaTiO3 (CTO) as the photocatalyst, and per-
fluorodecalin as the oxygen transfer reagent (Figure 14a,b).[72]

Y2SiO5:Pr
3þ enables one to convert visible light of 447, 488,

515, 540, and 589 nm into 254 to 343 nm UV emissions, which
effectively excites the UV-responsive photocatalyst CaTiO3. The
photocatalytic activity was increased up to 200% by optimizing
the ratio of Y2SiO5 and CaTiO3 at 4:1. Accordingly, they
enhanced the charge transfer in CaTiO3/Y2SiO5:Pr

3þ/reduced
graphene oxide (RGO) assembly.[73] A hydrogen evolution rate
of 0.41 μmol g�1 was achieved in 4 h under visible light irradia-
tion (300-W Xe lamp with a 420 nm cutoff filter), which was 2.6
times greater than that in single Y2SiO5:Pr

3þ-CTO.

In recent years, TTA-driven photoelectrochemical cells
have been developed for the production of photoelectrocatalytic
hydrogen. Barawi et al. used biacetyl and PPO as an appropriate
TTA pair system to promote photoelectrochemical hydrogen pro-
duction based on TiO2 (Figure 14c).[74] Photoelectrochemical
measurements were carried out in a standard three-electrode
photoelectrochemical cell in which the TTA system was inte-
grated to activate a TiO2 semiconductor photoanode
(Eg¼ 3.2 eV) using a laser pointer (λexc¼ 445� 10 nm, 2W,
1.64mW cm�2) as the irradiation source. Under 445 nm excita-
tion, the PPO delayed emission (1PPO*) with excited singlet
energy of 3.6 eV was observed at 370 nm. The emitted UV pho-
tons can efficiently activate a TiO2 photoanode, resulting in pho-
tocurrents (�4.5 μA cm�2) from the hydrogen generation using
SO3

2� as a sacrificial additive (Figure 14d). A 40-fold increase in
the current density was reported with respect to the highest
reported value in other semiconductor photoanodes.

Light irradiation is also used in photocatalytic bond activation
for water and air purification by cleaving bonds via energy- or
electron-transfer mechanisms.[75] Weak bonds such as C─I,
C(sp3)─Br, and π bonds can be activated by visible light irradia-
tion. However, a single visible photon cannot provide sufficient
energy to cleave stronger aryl-Br, C─Cl, C─O, and C─H
bonds.[70,76] This limitation could be overcome by the implemen-
tation of visible-to-UV light conversion processes. In 2005, Wang
et al. used a TiO2/Er

3þ-doped phosphor mixture to degrade

Figure 14. a) Schematic illustration of Pr3þ-Y2SiO5(YSO)/Pr3þ-CaTiO3(CTO)/Pt for visible-light-driven water splitting. b) Photocatalytic activities with
weight ratios of Pr3þ-YSO:Pr3þ-CTO¼ 1, 3, 4, 5, and 7. c) Schematic illustration of the TTA-powered photoelectrochemical cell for water splitting.
d) Photocurrents of TiO2 in oxygen-free dimethylformamide solution with (red) and without (blue) biacetyl/PPO mixtures under 445 nm irradiation.
a,b) Reproduced with permission.[72] Copyright 2017, Elsevier; c,d) Reproduced with permission.[74] Copyright 2019, American Chemical Society.
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methyl orange dye in solution under visible light and achieved
degradation of �45% after 55 h of irradiation at an unspecified
light intensity.[1e] In 2008, Feng et al. reported 12% degradation
of methylene blue over 2 h in similar experiments with the sus-
pensions illuminated by a 40W fluorescent lamp.[1f]

Instead of generating electron–hole pairs in photocatalysts,
TTA process directly produces photoredox potentials with ener-
gies greater than those in common photoactive one-electron
reductants (eosin Y: 1.9 eV; [Ru(bpy)3]

2þ: 2.0 eV; [Ir(ppy)3]
þ:

2.5 eV). In 2015, Majek et al. used a biacetyl/PPO system to pro-
mote the reduction of aryl bromides.[70] These reactions rely on
the key singlet intermediate to transfer its energy to an acceptor
chromophore. They postulated that such a reaction could operate
under a mechanism in which high-energy singlet 1PPO* acted as
a strong reductant that provides a photoredox potential of 3.35 eV
and underwent electron transfer to aryl bromides (Figure 15a).
The aryl radical anion then underwent mesolytic bond cleavage
followed by hydrogen atom transfer from the solvent to produce
the desired reduced arene. In 2020, Kerzig and co-workers found
that activation of an aryl bromide bond in water can be achieved
with blue photons from either a laser diode or an LED.[61] By
combining customized water-soluble iridium complexes with
naphthalenes, they demonstrated blue-light-driven UV emission
through TTA in water with unprecedented singlet-state energies
approaching 4 eV. They found that efficient debromination pro-
duced 2-chloro-5-fluorobenzoate with a 63% yield in an Irsppy/
NPX TTA system upon excitation of a laser diode at 447 nm
(Figure 15b).[61] Moreover, the authors used a collimated LED
(455 nm) to produce a 1NPX* singlet state via TTA
(Figure 15c). Within 23 h of LED illumination, they achieved

complete degradation of 10mM benzyltrimethylammonium cat-
ion, which is an environmentally harmful industrial product.

4. Conclusion and Perspectives

In summary, we have comprehensively reviewed visible-to-UV
light conversion materials and applications that take advantage
of SHG, TPA, lanthanide-based UC, and TTA. Borate-based sin-
gle crystals can fully satisfy the SHG requirements for visible-to-
UV emission, such as high transparency and a large NLO coeffi-
cient. Especially, with the use of ABBF (A¼ K, Rb, Cs) crystals,
deep UV lasing at wavelengths shorter than 200 nm has been
realized. However, SHG requires both delicate synthesis meth-
ods for the growth of large single crystals and appropriate inci-
dent angles for PM. Recent efforts have been devoted to
investigation of SHG in materials with arrays of micro/nano-
structures for applications in light visualization or single NLO
devices. UV emission via TPA by simultaneous absorption of
two photons has been achieved in several materials with a wide
energy gap without the need for PM. This process relies on mate-
rials with UV transparency, a high quantum yield, and a large
TPA coefficient. Due to the involvement of virtual intermediate
levels with infinitely short lifetimes, both TPA and SHG pro-
cesses rely on high-power lasers as pumping sources. The use
of photonic structures, including plasmonic structures, photonic
crystals, and dielectric structures, has emerged to lower the exci-
tation threshold of the TPA process via modulation of the local
electromagnetic field. Nevertheless, the realization of UV emis-
sion with the use of sunlight or other easily accessible light

Figure 15. a) Proposed catalytic cycle for photoreduction of aryl halides. b) Conversion of 4-bromo-2-chloro-5-fluoro-benzoate in Ar-saturated aqueous
solution by singlet-excited naproxen (NPX). c) LED-driven reductive degradation of benzyltrimethylammonium chloride in an Ar-saturated water solution.
a) Reproduced with permission.[70] Copyright 2015, Wiley-VCH; b,c) Reproduced with permission.[61] Copyright 2020, American Chemical Society.
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sources via the TPA or SHG processes remains a challenge. In
this regard, most recent studies of visible-to-UV light conversion
have focused on lanthanide-based UC or TTA processes.

Lanthanide-based visible-to-UV UC materials can produce
deep UV emissions under moderate excitation powers via the
long-lived intermediate state of lanthanide ions. The generated
germicidal UV light can deactivate the growth of microorgan-
isms. When combined with photocatalysis, the materials exhibit
potential in photocatalytic bond activation and photocatalytic
water splitting under irradiation of low-energy visible photons.
However, their brightness remains poor due to the small absorp-
tion cross-section of the lanthanide ions. Organic dyes with
strong absorption can be used as antennae to efficiently harvest
the incident light, and photonic structures can be applied to
manipulate the local electromagnetic field around the UC mate-
rials. For example, coumarin dye can transfer excitation energy
through Förster resonant energy transfer to Pr3þ ions, which
may be a promising candidate for sensitizing Pr3þ UC.
Together with these methods, lanthanide-based visible-to-UV
UC materials with a low power threshold and high quantum
yield can be expected in the future.

In TTA processes, organic sensitizers absorb visible light fol-
lowed by efficient energy transfer to the acceptor. They feature
extremely low excitation power and high quantum yield. With
the use of TTA, strong reductants with high photoredox potential
can be directly produced and applied to bond cleavage for water
purification. However, the TTA process faces challenges, includ-
ing the small size of the anti-Stokes shift and the failure to
achieve emission in the deep UV regime (<321 nm) due to
the absorption of organic emitters and solvent. Future studies
should concentrate on the discovery of new combinations of
water-soluble sensitizers and acceptors for TTA systems with
an even shorter emission wavelength and high quantum yield.
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