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Introduction

Photoluminescence (PL) upconversion is a phenomenon invol-
ving light-matter interactions. In contrast to conventional
Stokes emission, upconversion luminescence converts low-fre-
quency photons into high-frequency photons. The origins of
upconversion can be attributed to a number of mechanisms
including triplet-triplet annihilation, higher-order harmonic
generation, multiphoton absorption, Auger recombination,
and phonon-assisted anti-Stokes emission. This phenomenon
has been widely observed in organic dyes, nanotubes,
quantum wells, quantum dots (QDs), II-VI semiconductors,
rare-earth-doped materials and two-dimensional materials.
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energy of the emitted photons is higher than that of the incident photons. PL upconversion has promising
applications in optoelectronic devices, displays, photovoltaics, imaging, diagnosis and treatment. In this
review, we summarize the mechanism of PL upconversion and ultrafast PL physical processes. In particu-
lar, we highlight the advances in laser cooling, biological imaging, volumetric displays and photonics.

Biological imaging, optical cooling in semiconductors and
potential applications of upconversion photovoltaic devices
are motivations to study PL upconversion.

In this review, we highlight recent work on PL upconversion
in semiconductor nanomaterials. A brief overview of the
main mechanisms of PL upconversion is presented first.
Subsequently, we highlight the ultrafast photophysical pro-
cesses involved in PL upconversion and discuss how we can
utilize PL upconversion for advanced applications. Finally, we
discuss the main challenges and opportunities for future
applications in this area.

Mechanisms of PL upconversion

During the PL upconversion process, additional energy is
required to propel the electrons excited by low energy photons
to the conduction or defect bands of the material.'™® In
general, this extra energy can be gained from phonon
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Fig. 1 Mechanisms of PL upconversion. (a) Phonon-assisted upconversion. (b) Multiphoton absorption. (c) Energy transfer.
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absorption,”™" multiphoton absorption and Auger
recombination.’®” For multicomponent systems, such as
lanthanide-doped nanoparticles, the upconversion mechanism
is more complex and may involve excited state absorption
(ESA), energy transfer upconversion (ETU), collaborative sensit-
ization upconversion (CSU), and photon avalanche (PA).%"872°
Considering the organic nature of quantum dot-sensitized
triple-triple annihilation upconversion, this will not be dis-
cussed in this review article. Here, we discuss the three main
upconversion mechanisms including phonon-assisted upcon-
version, multiphoton absorption, and energy transfer.

Prof. Xinfeng Liu graduated from
Northeast Normal University in
2007, and obtained his doctoral
degree  from the National
Nanoscience Center in 2011, and
engaged in postdoctoral research
at  Nanyang  Technological
University in Singapore from
2011 to 2105. In 2015, he joined
the NCNST through the Overseas
Talent Program of the Chinese
Academy of Sciences. In 2023,
Xinfeng Liu he was supported by the
Outstanding Youth Program of
the National Science Foundation of China. His research focuses on
the study of high spatial and temporal resolution ultrafast
dynamics and related physical and chemical properties.

2748 | Nanoscale, 2024,16, 2747-2764

Phonon-assisted upconversion

In the process of phonon-assisted PL upconversion, an inci-
dent photon excites an electron from the ground state to a
virtual or real intermediate state, and absorbs one or more
phonons from the lattice to the final state (Fig. 1(a)). The real
intermediate state can be defect states, surface states, or elec-
tron sub-bands of the semiconductor materials.”*>* Fig. 2(a)
shows the observation of PL upconversion from defects in
h-BN.'" The intensities of the normal downconversion and the
upconversion PL at different excitation wavelengths are pre-
sented in the PLE spectrum, revealing an energy gain of up to
162 meV. In addition, chemical treatments (annealing,
doping) can create or passivate defect states or surface states.”>
However, the intensity of the upconversion PL will change
after chemical treatments.

A typical characteristic of phonon-assisted PL upconversion
is the linear dependence of the upconversion PL intensity on
the excitation power."*'"*® The relationship can be expressed
by the equation I = # x P”, where I is the integrated PL inten-
sity, P is the laser power density, a is an exponent, and f is a
constant. At low excitation power, the upconversion PL inten-
sity increases almost linearly with increasing laser power.
Fig. 2(b) demonstrates that the upconversion and downcon-
version PL spectra of monodisperse CdSe/CdS core/shell
quantum dot samples are very similar in the FWHM and
peak position. The upconversion PL intensity is linearly
related to the excitation power density, suggesting that this is
a single-photon upconversion process with the energy discre-
pancy compensated by phonons.>* However, for the phonon-
assisted upconversion of defects as intermediate states, the
PL intensity is sublinearly related to the pump power at low
excitation power densities, while the PL saturation phenom-
enon is observed with the further elevation of the pump

This journal is © The Royal Society of Chemistry 2024
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fluence due to the trap filling effect and/or multibody Auger
recombination.

In addition, phonon-assisted upconversion is extremely
sensitive to temperature. The intensity of the upconverted
PL increases as the temperature increases, due to the fact
that there are more phonons at higher temperatures. The
phonon modes involved in upconversion can be extracted
by using temperature-dependent PL intensity and Raman
spectroscopy.”*'*”2% In contrast, the intensity of the down-
conversion PL increases with decreasing temperature due to
the decrease in non-radiative transitions.>'" Fig. 2(c) shows
the temperature-dependent upconversion emission intensity
of the 2D semiconductor monolayer WSe,.>° The total upcon-
version emission intensity declines sharply with decreasing
temperature, and the detectable upconverted emission (above
the noise floor) cannot be found for temperatures lower than
250 K, thereby providing undoubtable evidence for phonon-
assisted excitonic upconverted emission.

There are two primary ways to enhance the efficiency of
phonon-assisted upconversion. One valid way is that the
selected material itself has a strong electron-phonon coupling
interaction, which makes it possible to efficiently utilize
phonons in upconversion. Fig. 2(d) summarizes experimental
nanomaterial anti-Stokes shifts in the literature. Upon inspec-
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tion, it is evident that many nanomaterial systems exhibit
efficient absorption of phonons and then generate upconver-
sion PL. Newer systems such as CdS, WS,, and hybrid/all in-
organic lead halide perovskites show much more promising
anti-Stokes shifts. These systems should therefore be focused
on future laser cooling studies. Xiong et al. presented a sys-
tematic study on the upconversion properties of a set of high-
quality all-inorganic CsPbA; perovskite semiconductor col-
loidal nanocrystals. High-quality nanomaterials and structures
with strong electron-phonon interactions and low thermal
conductivity were found to strongly contribute to the upconver-
sion phenomenon. The step-like behaviour of f clearly delimits
different mechanisms at room temperature, where the
phonon-assisted regime appears in an energy window from 0
to 250 meV and the multiphoton absorption process takes
place beyond 250 meV.> The surprisingly large threshold of
~200 meV exceeds those of other semiconductor nanocrystals.

The efficiency of phonon-assisted upconversion can also be
enhanced by emitters with a high optical transition strength or
by realizing resonant conditions, ie., the incident and/or
emitted photon energy matches the resonance level of the
material system. Fang et al. reported the enhanced upcon-
verted emission of two-dimensional excitons in doubly res-
onant plasmonic nanocavities.>® The phonon-mediated optical
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Fig. 2 Phonon-assisted upconversion. (a) Photoluminescence excitation spectrum of h-BN. (b) Normalized UCPL and PL spectra of monodisperse
CdSe/CdS core/shell quantum dots. Inset: excitation power density-(Pe,) dependent upconversion PL intensity. (c) Temperature-dependent inte-
grated upconverted emission intensity of monolayer WSe,. (d) Summary of anti-Stokes shifts for recently emerging low-dimensional upconversion
materials. (e) Excitation power-dependent integrated upconverted emission intensity (down) of WSe, and enhancement (top) in the plasmonic WSe,
cavity. (f) PL spectra of the lower WSe, monolayer (dark blue lines), the upper WSe, monolayer (blue lines) and the twisted WSe, bilayer (yellow

lines). Inset: schematic of the device structure.
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absorption is enhanced by integrating monolayer WSe, into
the designed plasmonic nanocavities that doubly resonate
with the incident and/or emitted photons. Eventually, up to
1100-fold enhancement of the upconversion PL in monolayer
WSe, is achieved (Fig. 2(e)), which decreases energy consump-
tion. Recently, they have also studied phonon-assisted upcon-
version in WSe, twisted bilayers.>® A 4-fold upconversion
enhancement was achieved in a 5.5° twisted bilayer while the
PL weakened by half (Fig. 2(f)). Through Raman spectroscopy
and time-resolved fluorescence spectroscopy, they attributed
the phenomenon to a mutual influence of both the upconver-
sion pump efficiency increase caused by a spectral redshift
and the interlayer exciton conversion efficiency decrease result-
ing from lattice relaxation in WSe, twisted bilayers. As a new
phenomenon in twisted-angle TMDs, the results provide a
novel insight into a unique way by which the twisted angle
affects upconversion and light-matter interactions.

Multiphoton absorption

In semiconductor nanomaterials, multiphoton absorption is a
process of exciting electrons from the valence band to the con-
duction band by absorbing multiple photons simultaneously
without populating any real intermediate states. The single
photon energy can be lower than the band gap of the material
due to the fact that transition states conserve energy. The
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initial excitation has significant energy above the band edge
and will rapidly relax to the lowest excited state at which the
charge carriers can radiatively recombine and emit photons
with energy higher than that of the excitation photons
(Fig. 1(b)).*>'**1733 The low energy photons demonstrate typi-
cally longer penetration depths and lower biological damage
compared to the high energy photons in the one-photon
absorption process.'***3* In this section, we focus on the PL
upconversion of two-photon absorption (TPA), which is the
most common mechanism.

The PL intensity of TPA typically shows a quadratic depen-
dence on the excitation power (a = 2).>*?” This fingerprint can
be used to distinguish between the two-photon upconversion
and phonon-assisted upconversion processes. Fig. 3(a) shows
the two-photon excitation of hybrid organic-inorganic lead
halide perovskites.” At the excitation photon energy ko = 2.80
eV, which is above the bandgap, one-photon absorption
occurs. They further obtained a = 2.0 at iw = 1.24 eV and only
a slightly lower a of 1.9 at iw = 1.50 eV.

The TPA process can be impacted by different factors such
as the chemical composition, structure, size and external
physical environment.****> These factors provide plenty of
possibilities to adjust and optimize the TPA properties of
materials in a wide range. Tonu Pullerits et al. used transient
absorption spectroscopy to measure the TPA cross-sections of
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Fig. 3 Multiphoton absorption. (a) Log-log plot of the pump intensity (/) dependence of the PL emission from MAPbBr3 crystals. (b) TPA cross-
section ¢® dependence of CsPbBrz QD size d in a log—log scale. (c) Thickness-dependent TPA coefficients of halide perovskites. Data 1-3 are from
(PEA),Pbl,, (n-C4HgNH3)(CH3NH3)Pb,l; and CsPbBrs. (d) Five-photon action cross-section (ros) spectra of core—shell MAPbBrz/(OA),PbBr4 nano-
crystals, MAPbBrz nanocrystals and CsPbBrs nanocrystals. (e) Examples of photoluminescence spectra with the excitation beam hitting CsPbBr3
quantum dots located on either a nanotextured area or a planar area of the silicon layer. (f) Emission spectra of MAPbBr; metasurfaces under one-
photon and two-photon excitation at three pump fluences.
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CsPbBr; QDs of different sizes (4.6-11.4 nm) as shown in
Fig. 3(b).** The TPA cross-section of CsPbBr; QDs shows a
power-law size dependence of ¢'® « d*°. This result demon-
strates the strong connection between the TPA process and the
sample size. Chen et al summarized that 2D perovskite
nanosheets have stronger saturable absorption properties with
a large modulation depth and a very low saturation intensity
compared with those of bulk perovskite films.** The TPA
coefficient decreases as the sample thickness increases from
0.95 pm to 200 pm (Fig. 3(c)).

In order to enhance the TPA, a straightforward approach is
to enhance the TPA coefficient of the material.****** Tze
Chien Sum et al. developed a core-shell structure to enhance
the TPA cross-section of lead halide perovskite nanocrystals
(core-shell MAPbBr;/(OA),PbBr,).*® The multidimensional
core-shell perovskite nanocrystals offer amazing five-photon
action cross-sections that are at least 9 orders larger than
the state-of-the-art specially designed organic molecules
(Fig. 3(d)). In addition, due to the nonlinearity of TPA, two-
photon excited PL can be promoted externally by enhancing
light-matter interactions, such as concentrating the excitation
electromagnetic field,"”*®* near-field enhancement,*® and
surface plasmon exciton coupling.®® Ténu Pullerits et al. inves-
tigated the two-photon excited PL of CsPbBr; perovskite
quantum dots on a silicon photonic crystal slab.*® Due to the
near-field enhancement effect on nanostructured silicon sur-
faces, they observed an enhancement of two-photon-pumped
PL by more than 1 order of magnitude when compared to
using a bulk silicon film (Fig. 3(e)). Lu et al. reported a perovs-
kite-microsphere hybrid dielectric structure. The two-photon
absorption-induced PL emission from the 2D perovskite is
increased by two orders of magnitude in the hybrid dielectric
structure as a result of the cooperative effects of the dielectric
microspheres, which increase the excitation intensity and
internal quantum efficiency.*” Xiao et al. have studied experi-
mentally two-photon PL in perovskite metasurfaces.*® They
observed a giant enhancement of two-photon emission from
MAPDBr; perovskite metasurfaces comparable with the one-
photon processes (Fig. 3(f)). This effect has been attributed to
the local-field enhancement in metasurfaces and a significant
increase of an overlap between stimulated emission and exci-
tation modes.

Energy transfer mechanism

Lanthanides’ 4f” electronic configurations are split by appreci-
able electronic repulsion and spin-orbit coupling, leading to a
rich energy-level pattern. This attribute makes lanthanides
ideal candidates for achieving photon upconversion.'®?'"3?
Early studies of lanthanide-doped bulk materials allowed a
deep understanding of the underlying physics.>® Unlike TPA,
lanthanide nanocrystal upconversion is characterized by
sequential absorption of incident photons.>® The 4f orbital
electrons of lanthanides are partially filled and shielded by
outer 5s and 5p electrons, giving rise to a weak electron—
phonon coupling and hence sharp emission lines resulting
from electronic transitions (Fig. 4(b)).>*

This journal is © The Royal Society of Chemistry 2024
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Organic dyes were among the first classical fluorescent
materials. They are widely popular due to their low cost, avail-
ability and ease of use. However, recent studies have reported
organic dyes with better chemical and optical properties. The
inherent drawbacks of organic dyes remain intractable, such
as short Stokes shifts, poor photochemical stability, suscepti-
bility to photobleaching, and decomposition under repeated
excitation. Quantum dots (QDs) are semiconductor nanocrys-
tals. They are usually defined as particles with physical dimen-
sions smaller than the exciton Bohr radius (typically 1-5 nm).
The small size of these QDs leads to quantum confinement
effects that confer unique optical and electronic properties to
the nanocrystals. Compared to conventional organic dyes such
as rhodamine, QDs are much brighter and more stable against
photobleaching, with a narrower spectral linewidth. Second,
the emission wavelength of QDs changes as the size or chemi-
cal composition of the QDs changes. Thus, the emission wave-
length can be tuned by changing their size and chemical com-
position, resulting in multiple emission colors. However, QDs
themselves are not biocompatible and have to be surface modi-
fied before they are used in live cell or animal experiments.

Compared with traditional fluorescent QDs and organic
fluorescent materials, lanthanide upconversion nanoparticles
are composed of an inorganic crystalline host matrix and triva-
lent lanthanide ions (Ln**) embedded in the host lattice
(Fig. 4(a)). They possess many advantages, such as high chemi-
cal stability, excellent photostability, narrow-band peak emis-
sion, and continuous emission tunability.’®>® An NIR laser as
their excitation light source brings many advantages, such as
deeper light penetration depth, almost no damage to biologi-
cal tissues, no luminescence of biological tissues (no back-
ground fluorescence), etc.>®®° Lanthanide upconversion nano-
particles also have luminescence decay times on the order of
milliseconds. Therefore, using a time-selective intensity detec-
tor, the short-lived autofluorescence emitted by a biological
specimen upon excitation can be completely separated from
the long-lived luminescence of lanthanide upconversion
nanoparticles.®*™® In addition, lanthanide upconversion
luminescence requires only low power density near-infrared
continuous lasers, which are much more versatile than TPA
required expensive high power density pulsed laser excitation.
The TPA efficiency is theoretically proportional to the square
of the excitation light intensity.

In principle, the upconversion mechanisms involving
lanthanides can be mainly categorized into five classes:
excited-state absorption, energy transfer upconversion, coop-
erative upconversion and photon avalanche.'®®*% Here, we
focus on the mechanisms of energy transfer upconversion.
Fluorescence upconversion of lanthanides (e.g., Er**, Tm*",
and Ho*") is usually realized via ETU,'®?° where long-lived
intermediate states exist to store energy (Fig. 1(c)). The ETU
process typically occurs in a sensitizer-activator (S-A) system.
In such a system, the energy transfer from the sensitizer to the
activator populates not only the emitting levels but also the
intermediate levels, as evidenced in the case of Yb*'-X*" (X =
Er, Tm or Ho) couples. According to Dexter’s theory,®®® the

Nanoscale, 2024, 16, 2747-2764 | 2751


https://doi.org/10.1039/d3nr05450k

Published on 04 January 2024. Downloaded on 1/22/2026 7:24:05 PM.

Review

(@)

10 nm

Organic dyes 1 rl1m Quantum dots :

Lanthanide doped
upconversion nanocrystals

View Article Online

Nanoscale
(b)
T [ 1 1
—~ e P of Ed
3 “|E FLE Y & E
5 T T
9, = 2 B
2 E E ’1:
7] F 3;:
s |1 5
-~ =
C £
£l E
50 nm
]

~
(2
~—
~
(o8
~-

_
e
1

@
=]

Intensity (a.u.)

Intensity (a.u.)

-
T

L
[N
o

Ocore

00 05 10 15 20 25 30
[shell}/[core]

o

Doping Concentration

300 400 500 600 700 800
Wavelength (nm
(e) gth (nm)

o —— UCNPs@SiO.(10
» 10000 UCNPs@ ST( ,(10 nm)
—=— UCNPs@SiO,(10 nm)@Ag(15 nm)

80004
60004

40004

Intensity (a.u.)

20004

-, .
oty o>

0

X

500 550 600 650 700
Wavelength (nm)

Fig. 4 Cooperative energy transfer. (a) A comparison of three distinct classes of luminescent nanomaterials: organic dyes (left), semiconductor
quantum dots (middle) and lanthanide-doped nanoparticles (right). (b) Typical UC emissions, ranging from the UV to NIR regions from co-doped
UCNPs under 980 nm excitation. (c) Dependence of emission intensity on the shell-core molar ratio in colloidal a-NaYF,:Yb**, Tb**-doped nano-
crystals. (d) Single-particle brightness of the conventional core—shell design and the outside-in architectures of p-NalLug7gYbg 2Erg o2Fs@NaLuF,
UCNPs with different doping concentrations in the core. (e) Enhanced upconversion luminescence spectra of core—shell NaYF,:Yb,Er@SiO,@Ag

nanocomposites.

energy transfer probability Ws_, under a dipole-dipole inter-
action can be expressed by:

Ws_a

e O (BB

= eaont 6 4
64m ntts  rg_, E

where A, c, n, 75 and rs_, are Planck’s constant, the speed of
light in a vacuum, the refractive index, the intrinsic lifetime of
the sensitizer and the S-A separation, respectively; Qaps is the
integrated absorption cross-section of the activator; 5 (E) and
Jfaps(E) are the normalized spectral line-shape functions of the
emission band of the sensitizer at excited levels [f5 (E)dE =1
and the absorption band of the activator at intermediate levels
[ fs(E)dE = 1, respectively. Therefore, the S-A distance (rs_4)
and the spectral overlap (the integration term in the above
equation) are the two critical parameters governing the energy
transfer. Using a well-established rate equation model for
lanthanum-doped bulk materials and devices, it is possible to
quantitatively predict photon upconversion and its dynamic
processes in nanocrystals.'® The microscopic parameters in
the rate equation models can be determined using the Judd-
Ofelt theoretical approximation.”® Importantly, recent develop-
ments in computational methods allow for the robust design
of complex material systems and the accurate prediction of
new properties by incorporating subtle electronic pertur-
bations in the physical properties of these materials.”"”*

2752 | Nanoscale, 2024, 16, 2747-2764

Lanthanide upconversion emissions can be modulated by
incorporating energy extractors or passivators, decorating the
surface of nanoparticles. Energy extractors would capture
partial energy from activators doped in the system, resulting in
a decreased emission intensity. Energy passivators can mini-
mize the excitation energy loss induced by surface effects and
solvents, leading to an increased emission intensity as a
result.'®”® Luminescence quenching from the surface can be
solved by forming a uniform shell over the core. After the epi-
taxial growth of the shell layer, energy transfer from activators
in the core to surface defects, capping ligands, and solvent
molecules is blocked.”*””® The quenching effects can thus be
significantly suppressed, resulting in improved emissions. For
the perfect growth of a shell, it should be similar in compo-
sition, structure or lattice constant to the core.”” ®° In recent
studies, luminescent centres have been introduced into the
shell layer to realize efficient sensitization and novel energy
transfer occurring through the core and shell. Wieslaw Strek
et al. have shown an enhancement of the upconversion owing
to the passivation of their surface.®* They have studied quanti-
tatively the influence of the shell type, its thickness, and the
shell deposition method on the luminescence properties of
the nanoparticles. Fig. 4(c) shows that up to 40-fold upconver-
sion intensity enhancement may be obtained for the core-
shell nanoparticles in comparison with the bare core nano-
particles. Steven Chu et al. systematically characterized single-

This journal is © The Royal Society of Chemistry 2024
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particle luminescence for core-shell-shell structure UCNPs
with various formulations. They showed a representative
ensemble upconversion luminescence spectrum with 980 nm
laser excitation of a solution containing 22 nm NaY, ;gF,:
Ybg,Erg o, UCNPs.®> Emission peaks centred at 520 nm,
541 nm and 654 nm are attributed to the transitions from the
*Hy1/, *S3» and *Fo, excited states to the *I;5,, ground state,
respectively. In contrast, when an inert shell was added to
NaYF,@NaYbg ggF4:Erg o, to form the core-shell-shell struc-
ture, they observed an extraordinary 740-fold green emission
enhancement. The core-shell-shell particles exhibit a giant
enhancement, given their high sensitizer Yb** content and the
presence of an inert shell to prevent energy migration to
defects. These brighter probes open the possibility of cellular
and single-molecule tracking at low irradiance.

The distance between the energy donor and the acceptor is
a key factor that significantly affects the energy transfer
efficiency. Different doping concentrations of sensitizers or
activators lead to various spatial distances.®*"®* It has been
found that the radiative transitions from high-lying excited
states depend greatly on the distance between the luminescent
centres.®®®” As a result, distinctive colour outputs with different
emission intensities may be observed. Qian Liu et al. reported
an inorganic optical nano-system composed of NaErF, and
NaYbF,, in which topological arrangement enhanced the
upconversion luminescence. They precisely demonstrated that
the outside-in architecture is the brightest in term of single-par-
ticle measurement.®® Cross-relaxation between Er’" ions may
hamper upconversion luminescence emission by keeping the
emitter ions in an intermediate energy level. In order to find
the optimal Er** doping concentration for upconversion
luminescence, the same three nanoparticle architectures
studied above were made with 5, 10, 20 or 30% Er’* doping.
They compared the luminescence with different Er** doping
concentrations. UCNPs with 10% Er** doping were the brightest
in both ensemble and single-particle measurements (Fig. 4(d)).
At all irradiances examined, Lu, ¢Ery,;@Yb@Lu UCNPs showed
the brightest single-particle emission with a 14-fold enhance-
ment compared to a conventional core-shell architecture of
p-NaLug ;5Ybg 2 Erg g, F4@NaLuF, UCNPs with the same size.

Another interesting approach to enhancing photon upcon-
version is harnessing the effect of surface plasmon resonance
(SPR). For one thing, the amplification of the localized inci-
dent electromagnetic field leads to an increase in the exci-
tation rate, which originates from the resonant coupling with
the noble metal SPR. On the other hand, the coupled surface
plasma emission increases the emissivity and thus the emis-
sion efficiency, which will effectively contribute to the radiative
and nonradiative decay rates.’**9°' Therefore, a number of
schemes have been explored to tune and optimize the inter-
action between metals and upconversion nanoparticles,
including the coating of a metal shell on the surface of upcon-
version nanoparticles, the coupling of Au nanoparticles to
upconversion nanoparticles and the construction of 3D plas-
monic nanoantennas.’’®> Xu et al prepared NaYFgYb,
Er@SiO,@Ag core-shell nanocomposites to investigate metal-
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enhanced upconversion luminescence.”’ The emission inten-
sity of the upconversion nanocrystals was found to be strongly
modulated by** the presence of Ag NPs on the outer shell layer
of the nanocomposites. Fig. 4(e) shows that a maximum
upconversion luminescence enhancement of 14.4-fold was
observed when 15 nm Ag nanoparticles were used. Chen et al.
constructed a gold-nanorod dimer nanocavity with a single
UCNP in the gap and achieved upconversion luminescence
coupling with a single nanocavity mode. The UCNP has a core/
shell/shell structure consisting of a core of undoped NaYF,, a
shell of Yb/Tm co-doped NaYF, and an outermost shell of
undoped NaYF,. By controlling the polarization of excitation
and the doping concentrations in the nanocrystals,”® they
showed upconversion luminescence enhancement factors
spanning seven orders of magnitude, from 5 x 10> (~200-fold
suppression) to 2.3 x 10°. These works pave the way to estab-
lish a link between optical physics and materials science
associated with lanthanide-doped nanocrystals, which is
appealing for a range of applications, including ultrasensitive
biochemical sensing and ultralow-threshold lasing emission
from single UCNPs.

Here, we count the UCQY, upconversion thresholds, anti-
Stokes shifts, and upconversion fluorescence lifetimes in
different systems (Table 1). The abundant energy levels of
lanthanide element ions serve as intermediate excited states in
the upconversion process. The upconversion center wavelength
can be easily adjusted by designing the structure of the nano-
particles and adjusting the concentration of doped rare earth
elements. The major problem of current UCNPs lies in their
low UC QYs, which inevitably limits their commercial bio-
applications. Despite a high QY already achieved in some
UCNPs, one should bear in mind that it was obtained upon
high power density excitation that is not acceptable for some
in vivo applications. TPA is upconversion emission through a
virtual intermediate state. However, the nonlinear nature of
TPA requires the excitation intensity of several orders of mag-
nitude higher than the OPA process. This limits the appli-
cation of TPA-based sub-bandgap photodetection only for high
power laser and, perhaps, short-pulsed laser light detection.
To overcome such limitations, we should seek for materials
with a large TPA coefficient. In contrast, phonon-assisted
upconversion places no restrictions on the choice of light
source, but requires the sample itself to have a high electroa-
coustic coupling coefficient, which itself limits the phonon-
assisted upconversion luminescence to lower anti-Stokes
shifts.

Ultrafast photophysics in upconversion
fluorescence

Phonon-assisted upconversion with intrinsic electron-phonon
coupling

Phonon-assisted PL upconversion forms the basis for solid-
state laser cooling, as well as numerous other applications,
such as photovoltaics, fluorescence imaging, anti-counterfeit-
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Table 1 Summary of excitation thresholds, UCQYs, anti-Stokes shifts and fluorescence lifetimes of different systems for UCPL
uC Anti-Stokes shift  Fluorescence
Mechanism System threshold UCQY (meV) lifetime
Phonon absorption Germanium vacancy'®! 0.44 mJ cm™? 103
Carbon nanotubes®’ 200 mJ cm™? 130
cds'” 0.048 120
Cdse/cds** 89 10 ns
(PEA),Pb1, *° 0.031 386
(PEA),Pb1, '** 1y em™> 220 4ns
w8, * 150
WSe, 28 101
h-BN"" 0.0056 162
Multiphoton absorption  (PEA),Pbl, *’ 0.875 780 3.74 ns
MAPDBr; *8 0.13 mJ cm™> 432 1.5 ns
CsPbBr; '® 0.8 890 7.3 ns
MAPbBr;/(OA),PbBr, core-shell*® 2.31mjem™>  0.92 1794 12.7 ns
CsPbBr; NCs'"” 0.2 pJ cm™? 0.6 871 18 ns
MAPbDI; ° 940
CdSe/CdS heterostructures'®® 34mjem™>  0.75 516 10 ns
CdSe/CdS/ZnS core-shell quantum dots'®® 3mJ cm™> 998 16.5 ns
CdSe/CdsS heterostructures®’ 0.61 1203
Energy transfer NaYF,:Yb/Tm"® 0.5) em™ 0.16 284 110 us
NaLuErF@NaYbF,@NaLuF, core-shell®® 0.019 1114 1.2 ms
NaYF,@NaYbF,:Er@NaYF, single-particle core-shell*> 8Jem™> 0.054 1119 1.5 ms
NaYF,:Yb** Nd**,Tm*",Ho*" and Ce** doped core-shell** 1103 0.5 ms
NaGdF,:Yb/Tm core-shell”® 1490 0.26 ms
YbEr@Yb@NdYb core-shell*** 0.5] cm™> 0.0011 830
YbEr@Yb@NdYb@Y@Gd core-shell*®® 0.0075 830 0.9 ms
YbEr@Yb@NdYb@Yb core-shell*®® 0.0018 1489

97799 A few recent studies have shown that some

ing, and lasers.
low-dimensional materials such as nanotubes, nanobelts,
QDs, transition metal dichalcogenide monolayers, and
diamond colour centres, can achieve large energy gains of
around 100 meV."?>*?710%1%1 However, the role of phonons in
enabling such a large anti-Stokes shift in these materials is not
yet fully understood. The upconversion is a multi-phonon
process occurring through intermediate levels such as sub-gap
traps, surface states, and the Urbach tail,>>'°*'°* and can be
enhanced by doubly resonant Raman scattering and excitonic
effects.”®%'%* Further investigation into the microscopic ultra-
fast photophysics of photon-electron-phonon interactions
behind the upconversion processes is crucial to enhance the
efficiency and energy gain of thermal-assisted upconversion.
Peng and Qin et al. reported efficient upconversion lumine-
scence based on solution QDs, revealing their upconversion
luminescence mechanism based on intrinsic electron-phonon
coupling energy levels.>® For almost defect-free core-shell
structured QDs (CdSe/CdS), upconversion
occurs efficiently and the decay kinetics of PL and upconver-
sion PL follow the same monoexponential function (Fig. 5(a)).
With ultrafast fluorescence spectroscopy, they measured the
time constant of the transition process on the QDs which was
found to be less than 200 fs (Fig. 5(b)), much faster than the
usual recombination composition and the rate of defect trap-
ping. Femtosecond-resolved absorption and resonant Raman
spectra were recorded to identify the features of the strong
coherent phonon coupling accompanying upconversion exci-
tation. The frequency of the coherent vibration matches that of
the longitudinal optical phonon of CdSe QDs measured by

luminescence
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Raman spectroscopy, indicating that phonon-assisted photon
absorption occurs within the CdSe core as shown in Fig. 5(c).
To this end, the authors proposed an upconversion lumine-
scence mechanism based on intrinsic electron-phonon coup-
ling energy levels to explain the observed upconversion
luminescence phenomenon and realize the optical cooling of
QDs.

Recently, Liu and Wu et al. showed that a quasi-two-dimen-
sional perovskite, namely phenethylammonium lead iodide
perovskite ((PEA),Pbl,), can facilitate efficient upconversion
with an enormous anti-Stokes shift of up to 220 meV. By using
microscopic transient absorption spectroscopy, the rise time
for the exciton band bleach following downconversion exci-
tation was found to be around 0.35 ps. For upconversion exci-
tation, after removing the strong nonlinear response by the
optical Stark effect, it is found that the rise of exciton band
bleach is relatively slower with a time constant of 1.2 ps
(Fig. 5(d) and (e)). The slow rise implies that the photon
upconversion is not a one-step process via the absorption of a
high-energy organic molecule vibration mode (>100 meV),
which would occur at a timescale on the order of a phonon
period (~10 fs). The slow rise of the exciton band bleach is
accompanied by the damping of the oscillatory component. As
shown in Fig. 5(f), through fast Fourier transformation (FFT),
we identified two dominant oscillation frequencies in the
inset: 42.5 cm™" and 47.5 em™". These two modes correspond
well with M; and M, phonon modes reported previously. M3
can be attributed to the Pb-I-Pb bending and Pb-I stretching
modes. M, is assigned to the scissoring of the Pb-I-Pb angle.
Given that the energy of excitons generated upon upconversion

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Phonon-assisted upconversion with intrinsic electron—phonon coupling. (a) Upconversion and downconversion decay dynamics of ensem-
ble CdSe QDs. (b) Normalized femtosecond-resolved photoluminescence spectra of ensemble CdSe QDs at different excitation wavelengths. The
black dashed line is the instrument response function. (c) Normalized femtosecond-resolved absorption spectra monitored at the first absorption
peak under upconversion (red) and downconversion (black) excitation. Inset: the Fourier transform of the red curve in the main figure along with the
resonant Raman spectrum of CdSe QDs. (d) TA spectra of a PEPI micro platelet upon upconversion excitation. () Exciton band bleach dynamics
monitored for downconversion and upconversion excitation. (f) Damping of coherent phonon oscillations monitored at 524 nm and its fitting using
a multi-oscillator model. Inset: the Fourier transform of the coherent phonon oscillations showing prominent contribution.

excitation is strongly modulated by Pb-I phonon modes, they
inferred that the excitons relax to the thermal equilibrium
state by coupling to the lattice vibrations during its anharmo-
nic motion in a few ps. By using density functional theory cal-
culations, they propose that the strong lattice fluctuation pro-
duces abundant phonon-dressed electronic density of states
below the band gap, enabling considerable sub-gap photon
absorption. The electron-hole pairs generated below the band
gap then couple to the picosecond fast lattice deformation
and move to the equilibrium states where they radiatively
recombine.

Carrier dynamics of two-photon excitation

The initial carrier dynamics of two-photon excitation may
differ from single-photon excitation.*"'°>™'°® As mentioned
before, two-photon excitation has a longer penetration depth
compared to single-photon excitation. Due to the limited pene-
tration depth of the excitation light, single-photon excitation
charge carriers are mostly located at the surface of the
material, where the resulting charge carriers are ready to
recombine or diffuse into the material in a non-radiative/radia-
tive regime.'®'* Two-photon excitation charge carriers are
located inside the material and exhibit different dynamics,

This journal is © The Royal Society of Chemistry 2024

requiring consideration of large differences between the
surface and volume of the material, such as trap density, struc-
tural dimensions and mobility."”*"* Ténu Pullerits et al.
reported that perovskite nanocrystals show a red-shifted PL
spectrum and different kinetics under TPA and one-photon
absorption excitation by utilizing time-resolved PL and femto-
second transient absorption spectroscopy techniques
(Fig. 6(a))."*® They carried out TA experiments for NCs with
different mean sizes (d = 4.6, 9.4, and 11.4 nm) as shown in
Fig. 6(b). The ground-state bleaching (GSB) decay signal of
NCs with small sizes can be fitted with double exponential
functions. GSB signals with 800 nm excitation typically show
longer decay compared to those with 400 nm excitation. In
NCs with smaller sizes (4.6 and 9.4 nm), such differences are
pronouncedly reflected as prolonged lifetimes. In larger NCs
(11.4 nm), however, the difference is subtle. They attributed it
to the different size selections between one-photon absorption
and TPA excitation. One-photon absorption and TPA cross-sec-
tions of CsPbBr; nanocrystals show different power-law depen-
dences on the size of the nanocrystals. One-photon absorption
cross-section increases with nanocrystal size in the third
power-law dependence, whereas the TPA cross-section
increases in the 3.6th power-law dependence. For nanocrystals
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Fig. 6 Carrier dynamics of two-photon excitation and the transport of energy migration in lanthanide upconversion. (a) Simulated PL emission with
400 nm and 800 nm excitation and the simulated difference between the two- and one-photon excited PL spectra of CsPbBrz; NCs. (b) Transient
absorption kinetics for CsPbBrs; NCs with three different sizes. (c) Schematic diagram illustrating designated energy transfer processes. (d)
Controlled luminescence lifetime of NaYF,:Yb**/Er®**@NaYbF,@NaYF,@NaYF,:Nd** core/multi-shell nanoparticles through energy regulation.

with the same size distribution, TPA always leads to preferen-
tial excitation of larger particles within the collection com-
pared with the one-photon absorption. Wu et al. similarly
observed that two-photon excited PL shows slower decay com-
pared to single-photon excitation. They identified the surface
and bulk photophysics of inorganic organohalide chalcogen-
ide single crystals by selective excitation of single- and two-
photon absorptions.'™ The surface regions of large single crys-
tals have relatively high trap densities and short diffusion
lengths. On the other hand, the bulk regions with lower lattice
strain and lower trap density yield longer diffusion lengths.

The transport of energy migration in lanthanide upconversion

Ionic interactions are widely present in lanthanide-doped
systems. Energy migration is another interesting and impor-
tant process in the various interactions between lanthanide
ions. In the same lanthanide ion, there is an inherent spectral
overlap between the absorption and emission associated with
the energy-migrating states, making energy migration easy to
occur under the right conditions (Fig. 6(c)). A particular advan-
tage of energy migration is transporting energy over long dis-
tances, which can be observed in the spectra in real
time."'”"'® The design of energy migration has contributed
greatly to the study of new upconversion mechanisms as well
as to the precise control of upconversion kinetics.'****' Chen
et al. devised a core/shell/shell/shell structure.'*® The inert
shell acts as an energy-retarding layer to regulate the energy
flow from the outmost light-harvesting layer to the inner core
domain to produce long-lived luminescence. As shown in
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Fig. 6(d), a precise control of the NaYF, layer thickness enables
yielding a precisely defined lifetime tunable between ~3 and
10 ms, yet without compromising luminescence intensities.
Zhang et al. designed a smart nanosystem termed a “dopant
ion’ spatial separation” (DISS) nanostructure to separate the
three basic processes of lanthanide upconversion.”” They pre-
pared a nanostructure, YbEr@Yb@Nd, to explore the temporal
effect of energy migration. The upconversion emission of this
structure relies fully on the Yb** — Yb*" energy transfer to
transport the absorbed energy from the outer layer to the core
area. Increasing the thickness of the middle layer from 0 to
about 4.5 nm results in a prolongation of the rise of around
540 nm upconversion emission from 195 to 390 ps. They
demonstrated a close connection between excitation energy
migration and upconversion emission dynamics. Similarly,
Fan Zhang et al. designed a systematic approach based on con-
trolled energy relay in a core-multi-shell nanostructure.'”” The
sensitizers confined in the outer layer harvest the excitation
photons and transfer the energy to the Yb>" ions in the same
layer via inter-ionic cross-relaxation. The energy is then relayed
via diffusive energy migration among the Yb®" sublattices,
until reaching the inner layer, where it is entrapped by the Er**
emitters to generate upconversion luminescence. With the
increasing thickness of the energy relay layer, the lumine-
scence lifetime at 1525 nm was effectively extended from
1.25 ms to 7.21 ms. By adjusting the thickness of the energy
relay layer and the concentration of doping elements, a tune-
able lifetime range spanning three orders of magnitude can be
realized in a single emission band.

This journal is © The Royal Society of Chemistry 2024
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Broad implications and applications

The rapid development of upconversion nanomaterials has
driven a wide range of applications from the biological field to
nanophotonics. In this section, we summarize and highlight
the wide range of uses of upconversion nanomaterials in laser
cooling, full-colour displays, upconversion lasers, 3D printing,
and other potential applications.

Laser cooling

The basic principle of laser cooling (also called optical refriger-
ation) is that during the excitation of anti-Stokes fluorescence
of a solid with a monochromatic light, the emission of anti-
Stokes fluorescence takes away some of the heat energy from
the solid, thus reducing the temperature of the material
because the energy of the anti-Stokes photons is higher than
the energy of the excitation photons. This principle was first
proposed by a German physicist Peter Pringsheim in 1929.'**
Phonon-assisted upconversion absorbs one or more phonons
from lattice thermal vibration to achieve an energy gain of
light emission, which has been regarded as a promising way to
realize optical micro-zone refrigeration. The advantages of
compactness, no vibrations, no moving parts or fluids, high
reliability, and no need for cryogenic fluids have motivated
laser cooling research.’

At a fixed temperature, when a sample is irradiated with a
laser, the photo-excited electron-hole pair satisfies the follow-
ing rate equation:

dN _ a(v,N)

— = — AN — BN? — CN® + (1 — 5, )BN?
dt hl/ +( ’76)

Here a(v,N) is the interband absorption coefficient, and the
combination processes include nonradiative combination
(AN), radiative combination (BN®), and the Auger (CN?)
processes, all of which are temperature-dependent
functions."*'** The last term on the right-hand side of the
equation indicates that fluorescence photons cannot escape
out of the sample and give rise to reabsorption and thermal
effects. According to the above equation, the upconversion
cooling efficiency #.(Av,T) can be written as follows:

Uc(hl/a T) = MNexellabs @ -1

Here, v is the pump laser frequency, T is the sample temp-
erature, and 7¢(T) is the average emission frequency of the
escaping fluorescent photons. 5. is the fluorescence external
quantum efficiency of the sample. 7,1 is the absorption coeffi-
cient, which represents the percentage of the contribution of
all absorbed pump photons to the cooling.'*® According to the
equation, the net laser cooling requires the laser cooling
efficiency 7.(hv,T) > 0, and thus the following three conditions
need to be satisfied: (1) a large upconversion energy difference
AE = h¢(T) — hv, (2) an external quantum efficiency 7. close
to 100%, and (3) an absorption rate 7,,s close to 100%. The
first condition requires the material to have a strong electron-

phonon coupling coefficient, so that in the photon conversion
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process as efficient as possible to take away the thermal energy
(phonon). The second condition requires the material to emit
light not only has a high internal quantum efficiency, but also
requires that the emitted photons can have a high escape
efficiency, which requires the semiconductor’s refractive index
is relatively small, or the use of nanostructures to enhance
photon escape. The third condition requires the material to be
very small non-intrinsic absorption, which requires very high
purity, very few defects, and very demanding sample proces-
sing requirements,'%:>429:1277129

Zhang et al. in 2013 proposed that in semiconductors with
strong electron-phonon coupling, the upconversion energy
can be greatly increased by the resonant annihilation of mul-
tiple longitudinal optical phonons.' Using this principle,
they reported a net cooling by about 40 kelvin in a semi-
conductor using group II-VI cadmium sulphide nanoribbons,
or nanobelts, starting from 290 kelvin. Perovskite single crys-
tals possess a low trap-state density and a high external
quantum efficiency, both of which are advantageous for laser
cooling. In 2016, Ha et al. found that lead halide perovskite
crystals in both 3D (MAPbIL;) and 2D (PhEPbI,) forms show
strong PL upconversion, suggesting the possibility of laser
cooling.”® They demonstrated experimentally that MAPDI;
platelets grown by vapour phase synthesis and PhEPbI,
samples exfoliated from a bulk crystal by solution synthesis
can be laser cooled by ~23.0 and 58.7 K, respectively, from
room temperature. Qin et al. measured the optical cooling
effects of CdSe/CdS core/shell QDs.>* The QDs with an emis-
sion peak at 632 nm excited with 450 and 532 nm lasers show
strong and excitation-wavelength dependent heating effects.
When the excitation wavelength is further shifted to the tail of
the absorption spectrum (671 nm), corresponding to an
average upconversion energy gain of 110 meV, a maximum
temperature decrease of 0.18 K under 300 mW irradiation rela-
tive to the control specimen is observed as shown in Fig. 7(a).

Full-colour displays

The full-colour display technology requires multi-colour emit-
ting materials that can potentially be translated into displays
with higher resolution. Therefore, the development of light-
harvesting materials with tuneable emission colours has been
at the forefront of colour display technology."*°***> The vari-
ation in materials composition, phase and structure can
provide a useful tool for producing a wide range of emission
colours, but controlling the colour gamut in a material with a
fixed composition remains a daunting challenge."**"3°
Fortunately, multi-colour tuneable emissions have been
widely available in lanthanide-doped nanomaterials, showing
great promise for displays with much higher spatial
resolutions. 347138

Over the past few years, a single lanthanide activator featur-
ing ladder-like arranged energy levels can produce a set of
emission bands that span the wavelength range from ultra-
violet to near-infrared (NIR). Under single wavelength exci-
tation, the emission colour can be controlled by adjusting the
intensity ratio of different emission peaks.'®**'%° However,
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a nude mouse subcutaneously injected with Er@Nd NPs.

this colour tuning technique requires repeated and rigorous
experiments to obtain the optimal doping concentration.™**'*!
Liu et al. demonstrated a pulse width-modulated approach
that offers exquisite control over the emission colour of lantha-
nide-doped upconversion nanocrystals."*> Hexagonal phase
NaYF, was chosen as the host material for the synthesis of
colour-tuneable core-shell nanocrystals and they incorporated
five sets of lanthanide ions into specific layers at precisely
defined concentrations. Under 808 nm excitation with a con-
tinuous-wave (c.w.) diode laser, the nanocrystals gave rise to a
dominant blue emission band at 470 nm. When irradiated at
980 nm with a diode laser, these nanocrystals showed a
marked suppression in the blue emission, and exhibited a
weak green emission band at 541 nm and a strong red emis-
sion band at 646 nm. The green/red emission intensity ratio
can be tuned by using a pulsed diode laser with different
pulse widths. The two lasers were aligned using a 900 nm
short-pass dichroic mirror to be combined into one beam,
which was focused to draw 3D images in the transparent
monolith matrix under the control of laser scanning software.
Different emission colours can be realized by simply modulat-
ing the on/off and pulse width of the two excitation lasers.
Jang et al. synthesized LiREF,-based core/sextuple-shell (C/6S)
upconversion nanoparticles. By combining incident near-infra-
red light with various wavelengths, full-color upconversion,
including blue, cyan, green, yellow, orange, red, purple, and
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white upconversion, was achieved from the single composition
(Fig. 7(b))."*®> This method is capable of generating multi-view
colour maps with high spatial resolution and accuracy and will
provide attractive opportunities for applications in optical
memory, multiplexed optical-chemical sensing, secure print-
ing, etc.

Upconversion lasers

Upconversion nanomaterials enable large anti-Stokes shift
emission generally through multiphoton absorption of low-
energy photons (ie., near-infrared light) to produce high-
energy photons (ie., ultraviolet or visible light), which can
effectively invert the population of multiphoton-excited states.
These properties make them an attractive gain medium for the
development of anti-Stokes shift microlasers.’**'** The offer
deeper penetration depth, higher signal-to-noise ratios and
less damage to devices than conventional Stokes shift
microlasers.'%®'*>4¢ Therefore, many attempts have been
made in the last decade to realize anti-Stokes shift microlasers,
mainly by coating upconversion nanomaterials on the surface
of microresonators based on spherical or cylindrical dielectric
cavities."”"'*° However, they have lagged behind other micro-
lasers due to their higher lasing thresholds and propagation
losses in metallic cavities.

Dong-Hwan Kim et al integrated upconversion nano-
materials into monolithic microspheres with diameters as

This journal is © The Royal Society of Chemistry 2024
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small as 2.44 pm by the liquid-quenching method."*® The
microspheres have a highly smooth surface texture, resulting
in a reduced intracavity loss and high pump-to-gain inter-
actions for efficient light coupling to whispering gallery mode
resonators. The superior properties of the liquid-quenched
upconversion microspheres they developed lead to an ultra-low
upconversion lasing threshold of 4.7 W cm ™2 with a linewidth
as narrow as 0.27 nm, which makes the anti-Stokes shift-based
microlasers competitive with the state-of-the-art Stokes shift
microlasers. Alex K.-Y. Jen et al. developed a Pb-S bonding
approach to synthesize water-resistant perovskite@silica nano-
dots to keep their emission in water for over six weeks.'>! The
device exhibits a low lasing threshold and a high Q factor
under two-photon pumping through coupling the amplified
spontaneous emission of perovskite QDs to the whispering
gallery modes of a tubular microcavity (Fig. 7(c)). Furthermore,
a two-photon-pumped random laser device based on the per-
ovskite@silica nanodot powder could still operate after the
nanodots were dispersed in water for up to 15 days. The water-
proof capability and outstanding optical properties make the
perovskite@silica nanodots an ideal active material system for
a variety of photonics and optoelectronics applications, which
will significantly extend the application scenario of upconver-
sion nanomaterials in solid-state laser devices.

3D printing
Stereolithographic 3D printing has become an indispensable
part of human society and contributes greatly to aerospace
materials, coatings, microfluidics, drug delivery, and so
on.'*% Typically, in conventional stereolithography (SLA)
systems, for one-photon absorption dye-triggered polymeriz-
ation, high spatial resolution is difficult to achieve due to the
lack of a clear threshold for the excitation power, and in most
cases all molecules in the entire beam path are excited."® In
addition, the print volume is limited by the poor penetration
of UV or blue light. For photonic upconversion technology, the
nonlinear dependence of the upconversion intensity on the
excitation power opens up the possibility of spatially confined
optical excitation."®” Polymerization based on photonic upcon-
version can only occur in the focused region where the light
intensity exceeds the threshold, and selective photoreaction at
the focusing point can be achieved by correctly designing the
photoresist formulation.3871¢°

Shih-Chi Chen et al. used ultrafast laser pulses to print 3D
polymer materials on the micron/nano scale via TPA lithogra-
phy."*® They developed a femtosecond projection two-photon
lithography technique that ensures simultaneous spatial and
temporal focusing of ultrafast light to achieve parallel printing
of arbitrarily complex 3D structures with submicrometer
resolution. Two-photon lithography-enabled 3D printing has
good penetration ability and spatial resolution when compared
to conventional polymerization using UV light. While conven-
tional nanofabrication is usually limited to planar surfaces,
the fabrication of arbitrary structures directly on morphologi-
cally complex surfaces is highly demanded for the develop-
ment of flexible electronics and photonics devices. In recent

This journal is © The Royal Society of Chemistry 2024
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years, the preparation of unconventional targets such as
cylindrical surfaces, optical fibers, micro-optics, etc. has been
achieved. Mattoli et al. have realized the printing of 3D micro-
structures on arbitrarily complex surfaces. A nice trick for this
technology is the development of ultrathin polymer films as
conformal substrates, allowing direct laser writing on the film
surface via a TPP process. In addition, microstructures printed
on polymer films can be spontaneously released in water and
then efficiently transferred to specific targets (Fig. 7(d)).
Bioimaging

Photonic upconversion, as one of the most important non-
invasive bioimaging techniques, has a positive role in the early
diagnosis of various diseases and bioimaging-guided therapy.
UCNPs with good chemical and optical stability, low toxicity
and good biocompatibility can usually be irradiated with near-
infrared light with higher tissue penetration depth than short-
wavelength UV or visible light, avoiding the interference of
background fluorescence from the organism (Fig. 7(e)).'®" The
characteristic emission of UCNPs is determined by the stepped
atomic energy levels of each lanthanide-doped ion. Therefore,
UCNPs with different sharp emission peaks can be prepared
with only lanthanide-doped ions. By utilizing a rational UCNP
design, multifunctional optical properties can be integrated
into a single UCNPs with flexible external excitation, which in
turn will bring upconversion-based bioimaging to a new stage
of development.'®?

Yan et al. reported the synthesis of Nd*'-doped UCNPs,
which can be activated using an 808 nm laser."®® The 808 nm
laser excites Nd** to its 4Fs, state, followed by nonradiative
relaxation to the 4F;, state. The energy could transfer to
nearby Yb*" and populate its 2Fs, state and further transfer to
nearby Yb®" ions crossing the shell, and then upconversion
between Yb*" and Er®* occurs. Because the absorption cross-
section of Nd*" in the NIR region is larger than that of Yb*",
energy transfer from Nd>* to Yb*" is highly efficient, and the
resulting UCNPs exhibit a high upconversion efficiency under
808 nm excitation. This efficient Nd**-doped emission of
UCNPs was also demonstrated in mouse imaging experiments
(Fig. 7(f)). The NIR image of mouse injected with Er@Nd
nanoparticles shows a high signal-to-noise ratio under 808 nm
laser excitation with a greatly minimized tissue overheating
effect. The reduction of localized overheating facilitates the
minimization of tissue damage during serial in vivo imaging.
Zhang et al. presented a luminescence lifetime multiplexed
detection/imaging approach based on lanthanide-doped nano-
crystals with selectable luminescence lifetimes.'** They
devised a core/multi-shell structure, which absorbs 808 nm
photons to generate emission centered at 1525 nm through an
efficient Nd** — Yb®*" — Er’" energy transfer. This structure
allows the luminescence lifetime to be tuned systematically by
increasing the thickness of the energy relay layer and increas-
ing the Er’" concentration. The method creates a tunable life-
time range spanning three orders of magnitude in a single
emission band. The lifetime is in good agreement with it com-
pared to conventional spectral channels used for deep tissue
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imaging (6-8 mm). These studies have greatly advanced the
bioimaging applications of UCNPs in the NIR region.

Conclusions and perspectives

In this review, we presented a brief overview of the three main
mechanisms in upconversion luminescence. Furthermore, we
introduced the ultrafast process in upconversion lumine-
scence. We have summarized the ultrafast photophysics of
phonon-assisted upconversion with intrinsic electron-phonon
coupling as an intermediate energy level, the different
dynamics between two-photon excitation and single-photon
excitation because of the penetration depth and strategies for
regulating the dynamics of energy migration in lanthanide
upconversion. To date, various applications, such as photovol-
taics, fluorescence imaging, anti-counterfeiting and lasers,
have been demonstrated and have highlighted the elegance of
upconversion nanomaterials. Despite these achievements,
there are still many issues that need to be tackled in this area.
Compared to downconversion, there is the significant draw-
back of low efficiency for upconversion. Since phonon-assisted
upconversion usually involves intermediate states, new methods
can be developed to generate new intermediate states or to
extend the lifetime and reduce the complexation of intermediate
state excitons through heterostructure and photonic or phono-
nic crystal engineering. For TPA, the nonlinear nature requires
an excitation strength several orders of magnitude higher than
that of the OPA process, which limits its optoelectronic appli-
cations. To overcome this limitation, we should look for
materials with large TPA cross-sections, high PL quantum yields
and stability. UCNP nanostructure designs are often complex,
which can lead to some difficulties in integrating multifunc-
tional components into a single particle. Therefore, it is necess-
ary to simplify the complex design of UCNP nanostructures to
further reduce the difficulty of materials synthesis while
meeting practical requirements. Nanostructures trade-off
between the tunable optical properties, the specific surface area
and the light-emitting quantum efficiency. In the past few years,
emerging strategies such as inert shell modification, surface
plasmon resonance, photonic crystal engineering, etc. have been
used to enhance upconversion. One urgent task is to generate
upconversion nanostructures with high fluorescence quantum
yields to reduce energy loss during migration. We believe that
investigations of UC will continue to be a top spot in interdisci-
plinary fields for the foreseeable future.
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