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Lanthanide-based photonic materials have been extensively explored for use in laser crystals, lighting, fiber-optic commu-
nications, bioimaging, diagnostics, and many other fields. In recent years, they have enabled numerous breakthroughs in areas
such as single-particle spectroscopy, super-resolution imaging, micro-lasing, lifetime multiplexing, and detection. Here, we
summarize recent advances in lanthanide photonic materials from an energy state perspective, focusing on the interplay between
energy state manipulation and advanced photonic applications. We then discuss the challenges and prospects for controlling
energy states at the single-particle level. We wish to highlight the importance of quantifying and understanding the energy states

of lanthanides for future innovations.
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1 Introduction

Lanthanide spectroscopy has a long history and has played a
key role in the investigation of luminescent materials. In
1908, the sharp absorption peaks of lanthanide (III) ions
were discovered by Becguerel ef al. [1]. The red phosphor
YVO,:Eu was discovered in the 1960s [2]. Since then, lan-
thanide-doped phosphors have been widely used in color
televisions. Also in the 1960s [3,4], researchers discovered
that Yb*" can be used as a sensitizer, while Er3+, H03+, and
Tm’ are used as activators for upconversion [5-8] and that
Pr’" can undergo quantum cutting [9,10]. Since then, re-
search on upconversion and related laser materials has
emerged. In addition, lanthanide phosphors with afterglows
have made significant progress since the 1990s [11]. In the
2000s, the wet chemical method for fabricating nanomater-
ials [12—14] was applied to lanthanide-doped materials [15—
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19]. Precise tuning of upconversion has given a major boost
to the field [20-23], leading to a boom of applications in
luminescence bioimaging, temperature sensing, multicolor
multiplexing, spectral conversion for solar cells, three-di-
mensional (3D) displays, anti-counterfeiting, and preclinical
drug delivery and therapy [24-36].

Over the past decade, lanthanide photonic materials have
been found to exhibit peculiar advantages in super-resolution
microscopy, single-molecule tracking, luminescence na-
nothermometry, lifetime multiplexing and in vivo sensing,
thanks to the advances in materials and technology. With the
deepening understanding of the multitude of energy levels
and interactions, a major transformation is gradually taking
place in this field of research. By understanding energy
states, it has been possible to achieve “rational design and
development” of materials, as opposed to relying on random
“treasure hunts” or simple combinations of material func-
tions. Such applications exploit materials in areas that cannot
be covered by conventional techniques. This requires the
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adaptation and invention of application tools specifically
tailored to the material’s performance.

After over 20 years of vigorous development in the field of
lanthanide photonics, there are still some obstacles in the
field. Therefore, a review and analysis of currently available
tools seems necessary. This includes a summary of current
available theoretical methods and, more importantly, how
these tools and insights can sustainably aid in the develop-
ment and discovery of next generation applications.

In this review, we focus on summarizing some widely used
theories for understanding energy states and dynamics,
especially in custom-designed nanomaterial systems. We
then present some general tools that can accelerate materials
advancement. Particular issues from the perspective of en-
ergy state manipulation are discussed in detail. We conclude
this review by addressing bottlenecks and future directions
of work.

2 Theoretical background and numerical tools
for analyzing lanthanide energy states

2.1 f-f energy levels, J-O theory, and luminescence
lifetime

Unique f-f transitions and d-f transitions are key to lantha-
nide emission. In the solid state, lanthanide ions often have a
positive trivalent state. The number of ZSHLJ states can be
calculated using optical spectroscopy and quantum me-
chanical theories. For example, more than one hundred 4N
states can be calculated for trivalent Nd, Sm, Eu, Gd, Tb, Dy
ions. For detailed energy levels, Dieke and Crosswhite [37]
had measured a complete energy level diagram (below
40,000 cm ') in LaCl, crystals.

The ample 4f" energy levels lead to a large number of
transitions. These transitions of lanthanide ions (I1I) are well-
described by the J-O theory, developed independently by
Judd [38] and Ofelt [39] in 1962. This method has been
widely used for the estimation of transition probability, ra-
diation lifetime, emission cross section and other parameters
[40,41]. The method can be described briefly as follows:
First, measure the material’s absorption spectrum and aver-
age polarized absorption if needed. The absorption cross
section g, is given by
g = %ln% 1)

where N is the number of ions per volume; / is the mea-
sured length of the sample; /, and / are the intensities before
and after material absorption. A parameter called line-
strength, which is related to the integrated absorption cross
section, can be calculated accordingly. With the least square
method, the oscillator strength parameter Q, (4 =2, 4, 6) can
be fitted in combination with the J-O expression and the

Sci China Chem

linestrength value.

The above calculation only considers electric dipole tran-
sition, but there are other transition contributions. It is
usually assumed that only the relatively larger magnetic di-
pole (md) transition is additionally considered. Its value can
be obtained separately and can refer to the calculated results
[42].

A detailed description of J-O theory can be found in cal-
culation examples in Refs. [41,43—47].

Notably, various developments and extensions of J-O
theory, such as J-Mixing, Electron Correlation, Dynamic
Coupling, Wybourne-Downer Mechanism, and Relativistic
Contributions, have been proposed to address its limitations
in specific situations [41,48].

The set of @, parameter can be used to calculate the
spontaneous transition probability 4, radiative lifetime, and
emission cross section.

The radiative lifetime is given by

1

Trad

=4 )

This is the lifetime in an ideal situation where there are no
other factors such as non-radiative relaxations.

Alternatively, radiative lifetime can be calculated from
emission cross section, which can be derived from the ab-
sorption cross section described above [49,50].

When nonradiative transitions are involved, the experi-
mental lifetime decreases. The relative quantum yield can be
given as the ratio between the experimental lifetime and the
radiative lifetime. By comparing the actual lifetime with the
radiative lifetime, we can obtain the relative quantum yield:

_ Few
=z (3)

This method is mainly used to evaluate the quantum yield
of laser crystals with singly doped ions (e.g., Nd*, Tm™, or
Yb3+) [51-53]. It can also be applied to lanthanide complexes
that have a single emission center [54,55].

In real crystals, 4f energy levels split into several sublevels
(called Stark levels) due to the local crystal field, which
complicates spectrum analysis. A typical method for iden-
tifying those Stark levels is to measure and compare the
absorption and emission spectra at an extremely low tem-
perature (77 K or below). Because of the low temperature,
the vibration energy of the crystal structures (known as
“phonons”) can be minimized, making the energy band sharp
and easy to identify [56]. For broadened room-temperature
spectra, a similar estimation can be performed using the
Lorentz fitting function. This kind of method is important in
laser photonics because the Stark energy levels can act as
laser energy levels for four-level systems and three-level
systems [57,58].

For an isolated single ion, the luminescence lifetime
should obey first-order kinetics. That is, the decay rate k£ does
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not depend on time:

_dn(?)
dr

where n(f) is the time-dependent population of a certain
excited state,

= kn(t) 4)

n(t)y =nge™ (5)
where n, is the population of the excited state at time 0.

To define the lifetime = 1/k, the above equation can also be
described as

n(t) =nye * (6)

The time-independent lifetime is the essence of all life-
time-based detections. For systems and conditions that do
not follow this rule, the lifetime would depend on time and
other conditions, including the excitation power density. This
means that the lifetime will change if excitation conditions
are not exactly the same. Such an uncertainty makes it dif-
ficult to reproduce results in different laboratories, especially
when dealing with samples under biological conditions and
in deep tissues [59].

2.2 Energy migration, energy transfer and rate
equation

The J-O theory successfully describes the intensity and
lifetime of lanthanide emission. However, it is applicable
only to a single ion. In a complex doped material, energy
migration between the same energy levels (of the same ion
type) and energy transfer between different ions are some-
times dominant.

To explain this in more detail, there are several possibi-
lities of energy transfer. If the emission spectrum of the
donor matches the absorption spectrum of the acceptor, non-
radiative resonance energy transfer can occur between the
donor and acceptor. If the energy levels do not match, non-
radiative phonon-assisted energy transfer can still be ob-
served.

Before we look more closely at the differences in energy
transfer, we need to establish a set of equations that can
describe these processes kinetically. By solving a series of
rigid partial differential equations, the trend of population
change of each energy level can be obtained. This informa-
tion can guide the design of material structures, doping ra-
tios, and energy migration paths.

From the perspective of a kinetic model, the energy
transfer rate can be described by a coefficient (usually de-
noted as W) and multiplied by the population of the energy
level (excited energy level of the donor and ground energy
level of the acceptor) in the rate equation. For a typical en-
ergy transfer process, for example, the rate equation can be
given as follows:
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where N, and N, are the population concentrations of donor
A in the ground-state and excited-state, N; and N, are the
population concentrations of acceptor B in the ground-state
and excited-state, and N, and Ny are the concentrations of
donor A and acceptor B, respectively; W is the energy
transfer rate from A to B; &, and £, are the decay rates (in-
cluding non-radiative decay) of A and B, respectively; G is
the excitation rate of donor A.

The energy transfer rate can be estimated by comparing the
lifetime of the donor with and without the acceptor. The
details are explained below [60,61].

For a given donor-acceptor system, the lifetime 7 of the
donor can be described by

1
=y (3
which includes k (radiative decay rate) and &, (nonradiative
decay rate).

It can also be given as

Lo k+k, ©)

Tdonor

=

When an energy acceptor is introduced into the system, the
energy transfer from the donor to acceptor occurs, and the
lifetime of the donor would change:

1

Tdonor(acceptor) =k+ knr + I/I{ionor—acceptor (10)
WhETe Tgonor(acceptor) 18 the lifetime of the donor in the presence
of the acceptor, and the energy transfer rate Wyonor.acceptor €aN
be given as

1 1
W, = - (11)

onor-acceptor
P Tdonor(acceptor) Tdonor

The energy transfer efficiency from the donor to the ac-
CepLor (Mgonor-acceptor) €aN be calculated using the following
equation:

Tdonor(acceptor)
= | — donortaceepton) (12)

ndonor-acceptor Tdonor

The decay rate can also be obtained by measuring the
lifetime. With the known energy transfer rate and decay rate,
the kinetics of a typical energy transfer system can be si-
mulated numerically by solving these partial differential
equations. With the simulation tools (e.g., MATLAB or
Python, which have built-in algorithms), rate equations are
widely used in laser dynamics, super-resolution, energy
migration, and transfer studies.
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2.2.1 Estimating the energy transfer rate from theory
From a microscopic perspective, energy transfer occurs
when the energy level of a donor in the excited-state matches
that of an acceptor. In his pioneering study, Dexter [62] in-
vestigated the dipole-dipole and dipole-quadrupole interac-
tions between energy donors and acceptors, enabling the
calculation of energy transfer rates using experimentally
measured spectroscopic parameters.

However, the situation for 4f transitions in lanthanide ions
is slightly different. In 1973, Kushida [63] developed ex-
pressions for the energy transfer rate based on the results of
the Judd-Ofelt theory. These expressions account for the
combined effects of dipole-dipole (d-d), dipole-quadrupole
(d-q), and quadrupole-quadrupole (g-q) interactions.

In detail, the rate of energy transfer derived from dipole-
dipole interactions is inversely proportional to the sixth
power of the distance (R"6) between the energy donor and
acceptor. Likewise, the energy transfer rates for dipole-
quadrupole and quadrupole-quadrupole interactions are in-
versely proportional to the eighth (R"8) and tenth (R"10)
powers of the distance, respectively.

By considering the shielding effects of 4f electrons and
conducting a comprehensive analysis, Malta et al. [64,65]
have shown that the quadrupole-quadrupole mechanism
dominates the energy transfer rate, as opposed to the pre-
viously assumed dipole-dipole mechanism. Detailed analysis
can be found in references.

2.2.2  Phonon-assisted energy transfer
The above-mentioned theories describe conditions under
which spectral overlap occurs between donor emission and
acceptor absorption. However, in some systems without
overlap, energy transfer does occur. This can be explained by
phonon-assisted energy transfer [66]. During energy transfer,
one or more “phonons”, or quantized energy of crystal vi-
bration, are absorbed or emitted, resulting in energy equili-
brium.

The probability of phonon-assisted energy transfer from
(T) can be given as [67]

donor to the acceptor W, ..., acceptor

VI{ionor—»acceptor(T) =A4x [1 + nph(T)]n

x Ucdrgnor(T9 E- nEph ai)cscepmr( T,E)
E? dE

= 4x[1+n,,(D)|'1,,(T.n,E,,) (13)

where 4 is a temperature-independent constant and 7,,,(7,, n,
E,,;) is the phonon-assisted spectral overlap integral between

donor emission and acceptor absorption (assuming that this
overlap does not change at different temperatures). goo"""

. . tor -
the emission cross section of the donor, and g, 7 is the

is

absorption cross section of the acceptor.
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n,u(T) is the phonon density associated with temperature.
E, -l

nu(T) = [e%r—1 (14)

E,;, is the phonon energy and meets the requirement of

AE = nE,, (15)

where 7 is the number of phonons involved in the process
and AE is the energy mismatch in donor and acceptor.

The temperature-dependent energy transfer rate
W,

donor—sacceptor

can be fitted by the equation of phonon-as-
sisted energy transfer probability (AX[I +n(T )r). The

number of phonons involved in the process can be estimated
based on the best fit of the energy transfer rate.

From these interpretations, we can learn that a good way to
identify phonon-assisted energy transfer is to use tempera-
ture-dependent measurements of the luminescence spectrum
or lifetime.

2.2.3  Simulation of energy migration using the Monte
Carlo algorithm

Recently, energy transfer within the same kind of lanthanide
ions (usually referred to as energy migration) has been of
great interest. Controlling the migration length of lanthanide
ions (usually Yb'' ions) is an efficient way to manipulate the
temporal luminescence properties of lanthanide materials. A
more quantitative view can be obtained using Monte Carlo
simulation methods. Considering lanthanide ions as
“spheres” and the energy transfer/migration between them as
“collision of spheres”, this method can provide semi-quan-
titative results for the energy migration and transfer based on
a microscopic random picture. Because of the microscopic
view of the simulation system, the localized energy transfer
in layered structures can be precisely simulated. This is not
possible with other simulation techniques.

In a representative work, Monte Carlo simulation is used to
explain and predict the energy migration dynamics in a core-
shell-shell structure [68]. Based on this new understanding,
the upconversion rise and decay time can be finely controlled
[69]. Similar methods can also be applied to quantify internal
hydroxyl impurities in NaYF, crystals [70] and help reveal
the energy dissipation routes for dye-sensitized upconversion
[71].

2.3 Dynamics of lanthanide luminescence in an en-
hanced electromagnetic field

When lanthanide materials are placed in a cavity, the quan-
tum electrodynamic (QED) effect of the cavity can modify
the spontaneous emission rate of the material. In 1946,
Purcell [72] proposed what later became known as the
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“Purcell effect” to quantitatively describe this phenomenon.
The enhancement factor between the cavity-coupled emis-
sion rate and the spontaneous emission rate # can be de-
scribed as
3

F, %[%] (16)

where Q is the quality factor of the cavity, n is the re-
fractive index of the cavity, 4 is the lasing wavelength, and
V. 1s the volume of the cavity mode. A larger quality factor
and a smaller volume of the cavity increase the enhancement
factor. In other words, the optical cavity should store light in
the smallest possible volume and for the longest possible
time. This can be demonstrated in photonic crystals and
metal nanostructures [73].

The accelerated emission rate in the cavity offers oppor-
tunities to explore new luminescence processes. An inspiring
example [74] is the observation of Nd* emission at 800 nm
in the optical cavity. Normally, this emission band is heavily
quenched by the cross-relaxation of Nd** and cannot be
observed. Because of the QED effect, the spontaneous
emission rate becomes larger than the competing cross-re-
laxation rate and thus becomes detectable. However, there is
still very little work on manipulating energy levels in the
optical cavity, or on manipulating energy transfer rates. A
microscopic cavity, along with new emission dynamics,
would certainly open the doors for photonic integrations,
such as optical communications, information storage, and
miniature laser sources.

For a more comprehensive view, the above rate equation
model can also be used to simulate the energy flux in the
laser cavity. For example, in a typical four-level system (the
four energy levels are denoted as ny, n,, n,, and n;, energy
from the lowest to the highest), a set of rate equations can
also be established in addition to the laser operation:

dn

d_t3 =noWo—ny(S5+45)

dnz _

a W= n,Wy —ny(dy +8,) +nsSs,

dn, (17)

a n,Sy o~ noWytnsdsy,
ngtn tn,tny;=n

dv;

ay, N,
dt T

=—n Wt Trl

In the above equations, 73 W3, is omitted. A, is the photon
number density (per unit volume) in the /th mode, and this
mode has a photon lifetime of 73, 4,, and S, are the spon-
taneous radiative decay rate and the nonradiative decay rate
from energy level n, to energy level ny,. W, and W,, are the
stimulated absorption rate and stimulated emission rate, re-
spectively. A detailed analysis of cavity dynamics can be
found in classic laser textbooks [75,76].

Simulation of laser kinetics can be quite helpful in the
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design of laser resonators and materials. For example, when
a saturable absorber is inserted into the laser cavity, laser
operation in Q-switched mode can be simulated [77,78].
Detailed analysis of cavity effect can be found in examples in
Section 4.3.

2.4 X-ray persistent luminescence

X-rays are also referred as Rontgen radiation after their first
discovery by a German scientist W.C. Rontgen in 1895 [79].
His discovery paved the way for developing luminescent
materials capable of effectively absorbing X-rays and con-
verting them into longer wavelength light [79]. Unlike
photoinduced luminescence, X-ray-activated luminescence
features not only ultrahigh excitation energy but also a totally
different mechanism [80]. During X-ray irradiation, elec-
trons in the inner shell of host atoms are excited and scattered
in the lattice by the photoelectric effect and Compton scat-
tering effect. As a result of electron-electron scattering and
the Auger process, massive free electrons and holes with
energies comparable to the band gap are generated. When an
enormous number of free electrons and holes recombine,
energy is transferred to the luminescence center in the crystal
lattice, whereupon light emission occurs. Apart from light
emission upon X-ray radiation, in some cases energy can be
stored in traps and persistently released under thermal or
light excitation after the excitation is terminated. This optical
phenomenon is called afterglow. Two things happen during
excitation by X-rays. First, the electrons jump from the va-
lence band to the conduction band, leaving a large number of
holes in the valence band. Second, ions in the host materials
(e.g., F and O) are likely to be ejected from their original
sites, creating vacancies and interstitial ions that can trap
electrons and holes in conduction and valence bands. After
the X-ray source is ceased, electrons and holes gain enough
energy to escape from the traps and return to the conduction
or valence band under stimulation by heat or light. The lu-
minescent atom attracts an electron-hole pair or attracts an
electron and a hole due to the Coulomb force. Subsequently,
the luminescent atom gains energy from the electron-hole
pair recombination and jumps to the excited state, leading to
persistent luminescence.

3 Instrumentation

As there is a growing need for original photonic applications,
the necessary optical tool has become increasingly im-
portant. Novel optical tools and algorithms have played a key
role in revealing new optical phenomena under challenging
and unconventional conditions. Therefore, we hope to de-
velop a common understanding of optical design among
researchers studying lanthanides by summarizing some of
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the most widely used optical components and some state-of-
the-art optical systems based on recent work.

3.1 Excitation sources and detectors for lanthanide
emission

Lanthanide ions are known for their narrow absorption band
and small absorption cross section. Most excitation sources
must be coherent to produce strong luminescence. Single-
mode and multimode laser sources differ in power (the for-
mer is less than 500 mW, and the latter can produce up to
hundreds of watts of optical power) and beam quality, but do
not differ significantly in a common wide-field microscope.
Single-mode lasers are required for some demanding appli-
cations, such as manipulating the state of polarization or
focusing the laser to a diffraction-limited spot. Multimode
lasers also introduce laser speckles that can cause artifacts on
the image plane. For tunable laser sources, optical parametric
oscillators (OPO) produce tunable wavelengths ranging from
ultraviolet to infrared, with output power varying with the
pump source. Typically, using Nd YAG or diodes as the
pump source, they deliver pJ to mJ nanosecond pulses at low
repetition rates (usually below 100 Hz). They are widely
used in spectroscopy to excite lanthanide materials for life-
time studies. Once the laser beam is focused to a microspot,
materials are easily saturated due to the high power density.
This makes them useful for measurements at high power and
under extreme conditions. For picosecond laser diodes and
tunable femtosecond lasers, the repetition rate is usually high
(several hundred kHz to MHz) with reduced single short
power (usually below pJ). As lanthanides decay slowly over
at least several ps, lasers continuously excite them before
they fully decay. As a result, these lasers are not suitable for
kinetic or lifetime studies of lanthanides, but they are useful
as high-quality excitation sources.

On the detector side, a fluorescence spectrometer is usually
equipped with a photomultiplier tube. These vacuum tubes
can multiply electrons and provide over 10° gain in the ul-
traviolet-visible (UV-Vis) range. They are suitable for single
point detection. Alternatively, a single-photon avalanche
diode is an avalanche photodiode that uses reverse bias,
which provides single-photon detection and extends the
wavelength to over 1,000 nm. Both detectors have good
sensitivity and temporal resolution and are widely used in
spectroscopy and scanning-based microscopy.

As for array detectors, both charge-coupled device (CCD)
detectors and scientific complementary metal-oxide-semi-
conductor (sCMOS) detectors are well suited for lumines-
cence imaging. For low-light applications, the electron
multiplying charge-coupled device (EMCCD) is the most
widely used camera for single-particle imaging and tracking.
On the other hand, intensified cameras can also reach the
range of single-photon detection, but with sacrifices in

Sci China Chem

quantum efficiency (QE). Additionally, intensified cameras
are equipped with image intensifiers that can act as nano-
second electronic shutters, allowing direct time-resolved
imaging. A similar camera that provides optical gating is the
two-tap camera, which is used in industry as time-of-flight
sensors. Recently, single-photon avalanche diode (SPAD)
arrays with microlenses have been introduced as SPAD
cameras. They offer photon counting capability, making
them useful for imaging applications that require a high
degree of precision.

For the near-infrared (NIR) wavelength range
(900-1,700 nm), the choice of detectors is quite limited.
There are single photon detectors, superconducting nanowire
detectors and InGaAs cameras that have been used in sci-
entific studies. These are rather expensive and usually re-
quire heavy cooling to reduce noise. With advances in
semiconductor technology, more commercial-grade NIR
sensors are expected.

3.2 Representative optical systems

Table 1 lists some typical imaging systems that have been
used recently in lanthanide photonics. A detailed discussion
is given below.

3.2.1  Wide-field macroscope and microscope systems

A wide-field macroscope or microscope is the most com-
monly used equipment in physical and biological lumines-
cence studies. It is usually equipped with excitation sources, a
dichroic mirror and filter set to separate excitation and
emission, an objective (or lens set), a tube lens for imaging on
the detector, and a detector for signal collection. Depending
on the field of view, objectives with different magnifications
or lens sets with different focal lengths can be used. A wide-
field macroscope can be used for visualizing chips, devices,
and biological samples such as small animal parts. A wide-
field microscope is mostly useful for visualizing cells, bac-
teria, and microscopic materials. With customized excitation
and detection options, a wide-field microscope can detect
multiple signals with maximum efficiency, such as upcon-
verted and downshifted luminescence, second or multiple
harmonic generation, Raman signals, and lasing.

A wide-field set up can also produce super-resolution ima-
ges when used with photoswitchable or fluctuating fluor-
ophores, such as stochastic optical reconstruction microscopy
(STORM), photo-activated localization microscopy (PALM)
or super-resolution optical fluctuation imaging (SOFI). By
adding a spatial light modulator and a corresponding optical
path, a structured illumination microscopy (SIM) scheme can
improve resolution down to half the diffraction limit. For
wide-field time-resolved imaging over a wide range, an op-
tical chopper and a pinhole can be inserted to the optical path
and act as an “on-off” shutter in the image plane.
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Table 1 Selected optical setups, key concepts, applications, and advantages for lanthanide photonics research in recent years
System Key concept Application in lanthanide fields Advantage Ref.
Wide-field luminescence Wide-field illumination Single particle imaging and . i ciency, high frame rate  [81,82]
microscope tracking
Wide-field lifetime imaging Optical chopper, wide-field Time-gated imaging, lifetime = Time-gated imaging of micro to [59,83-85]
macroscope/microscope imaging imaging millisecond lifetime ’
. L . Spatial light modulation, . . . . .
Structured illumination microscope widefield imaging Super-resolution microscopy ~ High efficiency, high frame rate [86]
Light-sheet structured Galvo scanner, structured . S . Deep tissue with improved
. . . . L Noninvasive in vivo imaging . . . [87]
illumination microscope illumination resolution, 3D imaging
Near infrared imaging in deep Optical sectioning,
Confocal scanning microscope  Galvo scanner, confocal design tissue; nonlinear super-resolution high excitation power, [88-91]
microscopy high resolution imaging
Confocal scanning lifetime Pulseq excnatlon.and real Lifetime-based multiplexing High lifetime resolution [92,93]
microscope time collection
Two-beam confocal Donut beam formed by vortex Stimulated emission depletion High excitation power, [94,95]

microscope waveplate, piezo stage scanning

super-resolution microscopy

best resolution

3.2.2  Scanning-based confocal systems

A confocal system usually uses a focused, diffraction-limited
beam to scan samples. Scanning can be achieved either by
moving the stage in steps, or by using two steering mirrors in
x and y directions (known as galvanometers). The beam
scanning method offers good adjustability of beam shape and
intensity. For example, a polarized single-mode laser beam
can be modulated by a vortex waveplate into a Laguerre-
Gaussian beam with a “donut” intensity distribution. This is
used as a depletion beam in stimulated emission depletion
(STED) super-resolution microscopy. Although the excita-
tion beam is focused to enhance luminescence, the point-by-
point scanning scheme is usually slower and less efficient
than a wide-field system.

The construction of a confocal system is usually more
complicated than that of a wide-field system. There are a
number of protocols that can help in building a variety of
confocal systems [96—100] and confocal-based super-
resolution systems [101-103]. In addition, combining
some cheap modular components is a good solution
[104].

4 Controlling energy states and interactions of
lanthanides for various photonic applications

In Scheme 1 and Table 2, we provide an overview of recent
advancements in manipulating the energy states of lantha-
nide materials. We summarize primary methodologies using
keywords based on energy level states and excitation or
detection techniques. Additionally, we highlight the re-
spective application fields and key advances for each
method.

4.1 Manipulating energy states for super-resolution
microscopy

Direct observation of subcellular structures and life pro-
cesses is important for modern biological research. However,
due to the diffraction phenomenon, classical linear optical
microscopy generally has the problem of limited resolution.
In 1873, Abbe ef al. [116] proposed the optical diffraction
limit 4/ (2 x NA), where A is the wavelength and NA is the
numerical aperture. To overcome this challenge, super-re-
solution microscopy has witnessed rapid development in
recent years. Due to the excellent upconversion lumines-
cence properties detectable down to single nanoparticles,
they have been widely used in developing super-resolution
microscopes, including STED microscopy [94,95,108,117—
123], FED microscopy [109,111,124-126], and SIM [86].
Traditionally, super-resolution imaging techniques have been
primarily concerned with improving optical systems. In
contrast, the breakthrough of lanthanide-based super-re-
solution techniques focused mainly on the material side.
More specifically, the key lies in tuning the energy state of
lanthanides. Here we will discuss how super-resolution can
be achieved by manipulating the energy states of lanthanide
ions.

4.1.1  Super-resolution based on population inversion

As one of the key factors in laser formation, population in-
version has been extensively studied for many years. Among
various forms of population inversion, the multi-step long-
lived energy levels of lanthanide ions facilitate the transition
of electrons from the ground state to the high-energy excited
state after continuous pumping. It is possible to accumulate
and invert populations using lanthanide-doped UCNPs at
these fixed intermediate energy levels, which has great
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potential for STED research.

Recently, Jin and coworkers [95] synthesized UCNPs with
highly doped thulium ions for STED studies. At 980 nm
excitation, population inversion is observed at the inter-
mediate 3H4 metastable level. Due to the photon-avalanche
effect caused by the high Tm’* doping, the amplified sti-
mulated emission (ASE) to discharge the 3H4 level can be
triggered with an 808 nm laser, which is important for in-
creasing the STED efficiency. Based on this method, an
optical resolution of 28 nm was achieved in imaging a 13 nm
NaYF,:Yb/Tm nanoparticle. Almost at the same time, Zhan
and coworkers [108] also reported the use of interionic cross
relaxation in UCNPs for STED. Based on this principle, they
have developed an efficient optical depletion method caused
by the strong cross-relaxation between low-lying states of
the emitters (Tm3+: 3H4+3H6 — 3F4+3F4). Benefiting from
this efficient optical depletion mechanism and low laser in-
tensity requirement, they have achieved two-color super-re-
solution imaging with a single excitation/exhaustion laser
beam pair and immunolabeling of fine subcellular structures
with the best image resolution of 82 nm. In addition to de-
pletion of the population-inversed intermediate level, an-
other method can be used to directly deplete the population-
inversed level. Our group reported downshifting lanthanide
nanoparticles that enable background-suppressed STED
imaging in all-NIR spectral regions. Due to the long-lived (>
100 ps) metastable states and quasi-four-level configuration,
the suppression of luminescence can reach 98.8% at
19 kW cm ~ saturation intensity. A 70-nm resolution in deep
tissue imaging was achieved with this all-NIR method [94].

4.1.2  Super-resolution based on nonlinear effects

Maria Goeppert Mayer first predicted the optical nonlinear
effect of two-photon absorption in 1931 [127]. This dis-
covery has since become an essential part of optical research,
leading to the development of technologies such as two
photon absorption (TPA), second harmonic generation
(SHG), and optical parametric amplification (OPA). For
super-resolution imaging, nonlinear PSF, photon avalanche
and excitation saturation have been used to exploit the
nonlinear relationship between fluorescence and excitation
light intensity in UCNPs.

For example, Denkova and coworkers [88] reported su-
perlinear excitation-emission (SEE) microscopy in NaYF,:
Yb/Tm UCNPs. This superlinear characteristic improved the
resolution by reducing the FWHM. The best resolution of
206 nm in this system was estimated by measuring the peak-
to-peak distance of two single particles. Photon avalanche
can also be used for super-resolution, as demonstrated by
Schuck and coworkers [89]. They used continuous lasers to
pump specially designed NaYF,:Tm UCNPs and found that
the emission scales nonlinearly with the 26" power of the
pump intensity. This was due to positive optical feedback in
each nanocrystal, leading to sub-70 nm spatial resolution
using simple confocal microscopy. Shortly thereafter, Zhan
and coworkers [90] reported a mechanism of migrating
photon avalanche (MPA) in NaYF,:Yb/Pr UCNPs. They
found that the avalanching Yb* ions can migrate their op-
tical nonlinear response to other emitters in the outer shell
layer, boosting the response of Tm’" from 26"™-order in the
core to 46"™-order in the shell. This MPA emitter achieved a
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Table 2 Methods for manipulating the energy states of lanthanide materials used in super-resolution, lifetime microscopy, lasing and other related ap-

plications ¥

Method

Materials Application Advances Ref.
NaGdF,:Yb/Er (18/2%) Ligand coordination for surface
Controlling decay pathway NaGdF,:Yb/Tm (49/1%) Luminescence enhancement B tructi [105]
NaGdF,,Yb (5%) reconstruction
Enhanced energy transfer B-NaYF,:Yb/Tm(or Ho, Er) Lummess:ence enhfmcement, Thermal enhancgment of [106]
anticounterfeiting upconversion
Excited state absorption NaYF,:Nd@NaYF, ngh—efﬁmeni(r:r}l/ag/illll}; sensing and Broadband MIR detection [107]
Depletion of population- B-NaYF,:Yb/Tm(20/8%) STED imaging of UCNPs and STED with UCNPs with
. . . : o UCNPs labeled cellular . . [95,108]
inversed intermediate level B-NaYF,:Yb/Tm(18/10%) . . relatively low power depletion
cytoskeleton protein desmin
. . STED imaging of cells stained . . )
Dlre'ct df:pletlon of NaYF,;:Nd(1%) with nanoparticles and through NIR with deep tlssge, lower [94]
population-inversed level . power depletion
tissues
Upconversion power NaYF,:Yb/Tm(20/8%) Super-resolution imaging in Demonstrat{on gf nonlinear-based (88]
dependency neuronal cells resolution improvement
Photon avalanche Super-resolution imaging of Discover and optimize high
high-ord d d ) NaYF;:Tm(8%) articles and subcellular order photon avalanche for [89,90]
(high-order power dependency NaYF,:Yb/Pr(15/0.5%) p P ; ’
filament super-resolution
Super-resolution imaging of Near-infrared emission
Excitation saturation (detection NaYF,:Yb/Tm(20/4%) particles and in deep tissues saturation (NIRES) nanoscopy [86,109]
of population-inversed level) NaYF,:Yb/Tm(40/4%) SIM imaging of particles and  Nonlinear saturated SIM using ’
through tissue UCNPs
o NaGdF,;: Yb/Er@NaYF,@NaYF,:Yb/ Fingerprint IMaging, lifetime Excitation orthogonalized
Orthogonal excitation and multiplexing -
emission Tm@NaYbF,:Nd@NaYF, Imaging of UCNP ribbons and upconversion [110,111]
NaYF4:Er@NaYF4@NaYF4:Yb/Tm3+ smng . FED nanoscopy
particles
. . . . . . Highly efficient time-gated
Time-gated imaging NaYbF,@CaF, Multiplexed bio imaging detection at the same energy level [112]
Energy transfer-based lifetime NaYF,:Yb*"/Tm® Data storage agd document L1feF1m§ multlpl.exmg [92]
change security Lifetime sensing
Lo o NaGdF,@NaGdF,:Yb/Er Multiplexed NIR II imaging of o . .
Migration-based lifetime change @NaYF,-Yb@NaNdF,-Yb tumour biomarkers NIR-II lifetime multiplexing [84]
External cavity-controlled NaG dF4:Yb3+ ES Ultrafast upconversion Nanoseconds level and high [113]

dynamics fluorescence

Flat-panel-free, high-resolution,
three-dimensional X-ray imaging
High-contrast bioimaging in
NIR-II window

X-ray-induced persistent
luminescence

NaLuF,: Tb@NaYEF,
NaYF,;:3%Er@NaYE,

luminescence intensity

Lanthanide nanoscintillators

Extended emission lifetime

in the second near-infrared
window

[114,115]

a) FED: fluorescence emission difference; PSF: point spread function; MIR: mid-infrared; Ln, lanthanide; UCNPs: upconversion nanoparticles, MOF:

metal-organic framework.

resolution of 62 nm in bioimaging under a continuous low-

power laser beam of 852 nm (Figure 1).

Apart from nonlinear PSF and photon avalanche, excita-
tion saturation is an excellent nonlinear optical phenomenon
for detecting nonlinear fluorescence signals. Jin and cow-
orkers [109] developed an FED-like nanoscopy for deep
tissue imaging and achieved a resolution of sub-50 nm using
a doughnut 980 nm beam. This method is based on the near-
infrared emission saturation of NaYF,:Yb/Tm UCNPs.
Based on the same principle, they also demonstrated an

upconversion nonlinear SIM strategy. Using structured illu-
mination with sinusoidal patterns, they found that the non-
linear emission response of an NaYF, Yb/Tm single
nanoparticle can generate high spatial frequency components
in the Fourier domain, leading to a resolution of 131 nm [86].

The potential to utilize subtle phenomena in lanthanide
ions for super-resolution is promising due to their unique and
complex energy states. Ongoing exploitation of lanthanide
emissions will certainly open doors for future advancements
in super-resolution technology.
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Figure 1 Manipulation of lanthanide energy states for super-resolution microscopy. (a) Imaging in standard and super-resolution modes of HeLa cells
stained with neodymium STED nanoprobes and intensity profile analysis of selected areas. Adapted with permission from Ref. [94], copyright by Springer
(2021). (b) Comparative diffraction-limited imaging and superlinear excitation-emission microscopy of two UCNPs separated by 206 nm. Line scans are
obtained through a cross-section indicated by gray arrows. Adapted with permission from Ref. [88], copyright by Springer (2019). (c) Super-resolution
imaging of actin protein from HeLa cells immunolabeled with phalloidin-conjugated nanoparticles under 852 nm irradiation and line profile analyses of the
dotted line. Adapted with permission from Ref. [90], copyright by Springer (2022). (d) Wide-field (left) and super-resolution (right) images of the 4% Tm-
doped UCNPs. Scale bar: 2 pum, line profiles of two UCNPs. The diameter of the UCNPs is 40 nm (confirmed by TEM). Reconstruction processes were
performed with fairSIM (an open-source image reconstruction solution for super-resolution SIM). (e) Evaluation of the image resolving power of upcon-
version SIM through thick mouse liver tissue, the comparison of images of the specimen by Wiener deconvolution and U-LSIM without covering the tissue
slice. The scale bar is 2 pm. (d, e) Adapted with permission from Ref. [86], copyright by American Chemical Society (2020) (color online).

4.2 Energy state manipulation for lifetime detection

The unique 4" intraconfigurational transitions of lanthanide
ions lead to long lifetimes, spanning from microseconds to
milliseconds. According to J-O theory, the radiative lifetime
can be calculated using the absorption spectrum and related
parameters. However, the actual luminescence lifetime de-
viates from the radiative lifetime due to the participation of
nonradiative decay and energy transfer processes between
lanthanide ions or other species such as host matrices, sur-
face defects, surface ligands, and exterior molecules. To

clarify this complexity, we categorize the manipulation of
luminescent lifetime into three approaches: changing the
crystal field and orbital hybridization, changing the energy
diffusion distance, and introducing competing energy trans-
fer pathways.

4.2.1  Changing the crystal field and orbital hybridization
Surface quenching through energy migration is a major
factor for low luminescence efficiency [128,129]. By spe-
cifically selecting coordination molecules, our group en-

hanced the emission lifetime of NaGdF,:Yb/Tm
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nanoparticles from 93 to 289 us (Tm3+) by attaching pyr-
idine-2-carboxylic acid to nanoparticle surfaces [105]. This
improvement is due to the reconstruction of orbital hy-
bridization and crystal-field splitting, reducing the energy
difference between surface and inner Yb*™ ions and facil-
itating energy migration.

4.2.2  Changing the energy diffusion rate

The energy diffusion rate can be systematically modulated
by varying the lanthanide doping concentration or by in-
troducing shells of controllable thickness (Figure 2). In 2014,
Jin and coworkers [92] proposed a multiplexing lifetime
system for anticounterfeiting by increasing the Tm> dopant
concentration from 0.2 mol% to 8 mol%. As a result of
changes in energy transfer rate between Yb** and Tm®", and
the cross relaxation rate of Tm3+, the lifetime was decreased
from 662 to 25.6 ps. Our group developed a binary temporal
coding method for anticounterfeiting applications by in-
corporating Mn”" with a 39-ms lifetime into NaGdF,:Yb/Tm
UCNPs [130].

Changing the dopant ratio directly inevitably decreases
luminescence at both ends of the lifetime tuning range. To
avoid this, an energy migration layer can be designed to
modulate the rise time and lifetime. Apart from the theore-
tical work discussed in Section 2 [68], Zhang and coworkers
[84] also proposed a Yb-based energy relay layer to control
the energy transfer time between Nd** and Er’" in a multi-
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layer, NIR-II emitting nanoparticle. This allows for lifetime
tuning from 1.25 to 20.9 ms, providing multiple lifetime
channels for detecting biomarker expression in tumors
in vivo.

Apart from using time gating for lifetime imaging, Li and
coworkers [112] found that a well-designed time gate can be
used to separate excitation and emission spectra, even in the
same band. As a proof, lanthanide emissions from singly
doped Yb3+, Nd3+, Tmy, and Er’" nanocrystals were detected
within the same excitation band using ultrasmall NaYbF,@
CaF, nanoparticles. These nanoparticles have high emission
brightness and tunable lifetimes (0.033 to 2.2 ms) that can be
adjusted by changing the CaF, shell thickness (0 to 5.3 nm).
The CaF, shell protects Yb*" from non-radiative quenching
by surface defects and ligands.

The energy diffusion path can also be blocked to produce
orthogonal excitation and emission. Using inert shells to
separate Tm’’, Tb"", and Er’’ dopants, Yan and coworkers
[110] created a multi-compartment core-shell structure that
allows orthogonal upconversion from activators under dif-
ferent excitation wavelengths (808 and 980 nm). This tech-
nique is particularly useful for anticounterfeiting in both
spectral and lifetime domains.

4.2.3  Introducing competing energy transfer pathways
Using time-gated methods, lanthanide-doped nanoparticles
(LnNPs) with long luminescence lifetimes have been used in
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Figure 2 Manipulation of lanthanide energy states for lifetime-based detection by controlling the energy diffusion rate. (a) Schematic of an energy transfer
process. The energy transfer rate can be controlled by changing the dopant distance. (b) Schematic of lifetime tuning of NaYF,:Yb/Tm nanocrystals (t-dots).
(c) Time-resolved scanning showing pattern separation based on the lifetime components of every pixel containing different Tm t-dots. (b, ¢) Adapted with
permission from Ref. [92], copyright by Springer (2014). (d) Schematic of a migration layer inserted in the crystal for energy transfer, extending the overall
transfer time. (¢) Energy level diagram illustrating the luminescence process of multilayer nanoparticles. (f) Luminescence decay curves measured for Er
nanoparticles at 1,525 nm with energy relay shells varying in thickness d from 0 to 7 nm (identical composition). (e, f) Adapted with permission from Ref.

[84], copyright by Springer (2018) (color online).
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earlier cases to semi-quantitively detect biological analytes
in vitro [131,132]. However, their signal can be affected by
various experimental parameters (e.g., excitation power
density and pulse width) and attenuated by tissues, making
them less reliable for in vivo applications. To address these
limitations, a third species is introduced to compete with the
energy transfer pathway from the LnNP to the acceptor,
creating new time-domain channels for sensing applications.

In lifetime-based sensing, the energy donor should have a
mono-decay lifetime for a reliable response. In the absence
of an analyte, the lifetime of LnNPs is shortened due to
energy transfer to the acceptor, but the presence of the ana-
lyte recovers the lifetime of LnNPs, creating a lifetime-based
response (Figure 3). For example, in 2019, Li and coworkers
[133] designed NaYF,:Tm LnNPs (donor) and IR-820 dye
(acceptor) to detect the concentration of CIO , an indicator of
arthritis, based on the recovery of Tm’" lifetime. Zhang and
coworkers [134] extended this strategy to the NIR-I region
beyond 1,000 nm and used Nd**-based downshifting LnNPs
as the donor and MY-1057 dye as the acceptor, which is
sensitive to peroxynitrite (ONOO ), to distinguish tumors.
Chen and coworkers [135] designed a tumor probe that
overcomes the limitations of conventional intensity-based
sensing in liver tumor microenvironments where low nano-
particle accumulation leads to low signal-to-noise ratios. To
achieve this, they coated the nanoparticle probe with an
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MnO, layer, which reduces both luminescence intensity and
lifetime through energy transfer from NIR-I to NIR-II.
However, in the presence of glutathione (GSH), MnO; is
reduced, restoring the lifetime of LnNPs.

All the methods mentioned above can induce changes in
lifetime for semi-quantitative biodetection and imaging.
However, not all designs show a significant lifetime re-
sponse. To improve performance, we can use the techniques
outlined in Section 2, which involve estimating energy
transfer rates based on different models and constructing a
set of kinetic equations for temporal simulation. By applying
these principles, we can optimize designs and even make
new discoveries.

4.3 Energy state manipulation in an enhanced elec-
tromagnetic field

4.3.1  Lanthanide localized surface plasmon resonance
(LSPR) effect and microlasers

Microlasers are small-scale lasers that are extensively used
in photonics and optoelectronics [136]. UCNPs with elabo-
rately designed core-shell structures have displayed en-
hanced luminescence and highly tunable excitation and
emission [137]. Integrating core-shell UCNPs with dielectric
microcavities increases the efficiency of small lasers and
enables the fabrication of multi-wavelength lasers [138].
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Figure 3 Manipulation of lanthanide energy states for lifetime-based detection by introducing competing energy transfer pathways. (a) Schematic of
lifetime sensing using a nanocomposites comprising NaYF,:Tm nanoparticles and IR-820. The lifetime of NaYF,:Tm nanoparticles (3H6—>3H4) was affected
by the number of IR-820 molecules because of energy transfer. Once the dye was destructed by ClO | the lifetime of NaYF,:Tm is recovered. (b) Illustration
of the NaYF,;:Tm@PC-IR-820 nanocomposite and energy transfer pathways. (c) Luminescence lifetime imaging of the nanocomposite in an arthritis model
mouse with false-color representing lifetime separation. Carrageenan injection (10 mg mL™, 50 uL) caused arthritis in the right hind leg, while the left hind
leg was untreated. (a—c) Adapted with permission from Ref. [133], copyright by Wiley (2019). (d) Proposed mechanism of energy transfer from YbNPs and
HoYbNPs to MnO,. (¢) Luminescence intensity decay curves of Yb* in HoYbNP-based systems. (f) NIR-II luminescence lifetime images of tumour bearing
mice containing HOYbNPs. (d—f) Adapted with permission from Ref. [135], copyright by Wiley (2022) (color online).
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Three typical strategies for constructing microlasers using
UCNPs are LSPR, whispering-gallery-mode (WGM) and
Fabry-Perot (FP) cavity [138—140], which are discussed in
this section (Figure 4).

The use of LSPR can improve the upconversion process by
locally enhancing electromagnetic fields within sub diffrac-
tion volumes. At metal-dielectric interfaces, free electrons
oscillate collectively upon photon excitation, generating an
electromagnetic field that boosts both the excitation process
and emission intensity, and shortens the emission lifetime. It
is possible to modulate luminescence dynamics by using
electromagnetic fields generated by surface plasmonic arrays
based on diffraction in a periodic structure to achieve sharp
photonic modes [141,142]. Our group reported an upcon-
version superburst strategy with directional, fast, and ul-
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trabright luminescence by coupling gap plasmon modes to
nanoparticle emitters [140]. In a nanocavity consisting of a
silver nanocube-coupled gold mirror structure, UCNPs can
experience substantial acceleration of their spontaneous
emission and significant luminescence enhancement. The
strong coupling of the nanocavity and the nanoparticle leads
to more than 10,000-fold enhancement of spontaneous
emission and 166-fold acceleration of spontaneous emission
compared with control samples without nanocavity. Another
approach to achieve LSPR is to coat UCNPs onto metal
nanopillars, as demonstrated by Odom’s group [143] using
Ag nanopillar arrays conformally coated with Yb''/Er-
doped UCNPs. The nanocavity achieved stable lasing at
room temperature with lasing thresholds as low as
29Wcem > In contrast to conventional UCNPs with a
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Figure 4 Manipulation of lanthanide energy states in an enhanced electromagnetic field. (a) Simplified schematic of a cavity-coupled energy pumping
process. The luminescence dynamics are changed by the enhanced electromagnetic field. (b) Schematic of UCNP coating on Ag arrays with a spacing of a, =
450 nm. (c) Yb'/ER energy levels and coupling mechanism with lattice plasmons. (b, ¢) Adapted with permission from Ref. [143], copyright by Springer
(2019). (d) Plasmonic cavity-coupled UCNPs comprising a gold thin film, a silver nanocube, and a monolayer of UCNPs embedded in the sub-20-nm gap
(left) and simplified energy-level diagram describing the ESA-mediated upconversion process (right). (¢) Comparison of the normalized time-resolved
luminescence decay for UCNPs deposited on a glass slide (black) and UCNPs enhanced by the nanocavity mode (red) at an emission wavelength of 660 nm.
(d, e) Adapted with permission from Ref. [140], copyright by Springer (2019). (f) Schematic of the excitation and lasing in a microbead coated with
Tm’"-doped energy-looping nanoparticles (ELNPs). TIR, total internal reflection. Inset: 3D representation of lasing WGMs in the microsphere. Adapted with
permission from Ref. [146], copyright by Springer (2018). (g) Image of the FP cavity using NaYF,:Yb/Er@NaYF, nanocrystals dispersed in cyclohexane as
the gain medium. (h) Schematic of dynamic population alignment under 3-pulse laser excitation with 10 ns delay. (g, h) Adapted with permission from Ref.

[139], copyright by American Chemical Society (2013) (color online).
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spontaneous emission lifetime of around 100 ps, nanopillar-
coupled nanoparticles showed lasing emission at 660 nm in a
1-ps time window with a slow component of 510 ns and a
fast component of 66 ns according to a bi-exponential fit.
LSPR is a powerful tool for producing lasers by radically
shifting the electromagnetic environment of UCNPs and
modulating their emission characteristics without affecting
composition, size, or morphology.

WGM cavities are microspheres with closed-loop light
paths guided by total internal reflection at their surface,
leading to low-power lasing. These cavities, with a variety of
shapes such as bottles, spheres, toroids and rings, are ideal
for microlasers due to their high quality factors and small
mode volumes [144]. Yu’s group [145] demonstrated white-
light lasing at room temperature from a Yb'-Er-Tm’ tri-
doped hexagonal $-NaYF, microrod with WGM resonance.
The number and wavelength of amplified modes can be se-
lected by modulating the diameter of microspheres. To si-
multaneously excite RGB lasing within the same
microcavity, the radius of the microrods was set to 4 pm so
that all RGB WGMs had a similar range of threshold power.
In Schuck’s work [146], the polystyrene WGM cavity was
designed with a diameter of 5 pm to ensure that both trans-
verse electric and magnetic propagation modes had high
quality factors. The use of microscale lasers offers the po-
tential for new technologies specifically tailored for opera-
tion in confined spaces, such as ultra-high-speed
microprocessors and live brain tissue. In contrast, conven-
tional microbubbles and microfibers have unpredictable si-
zes due to limitations in reflow and thermal drawing
techniques, making it difficult to control laser wavelengths
and mode spacing.

FP cavity is employed in photonic chips to generate lasers
with low threshold current and decent output power [147]. In
a classic Fabry-Perot cavity, two closely spaced, partially
reflecting mirrors form a resonant optical cavity to transmit
light at wavelengths that are multiples of the mirror spacing
at small incident angles [148]. An optical resonance occurs
when the optical path length reaches an integer multiple of
the light wavelength. Yu and coworkers [139] first realized
amplified spontaneous emission from an FP cavity consist-
ing of a quartz tube between a distributed Bragg reflector and
an Al mirror containing NaYF, Yb/Er@NaYF, nano-
particles, with three narrowing emission bands. However, the
long cavity length prevents fine structures of the lasing
spectra from being observed.

While most contemporary studies have successfully mea-
sured considerable changes in emission intensity or decay
rate, targeting the emission performance to a desired spectral
or temporal range remains a challenge. Achieving complex
laser modes and operations using typical lanthanide nano-
particles has not yet been realized. As discussed in Section
2.2, designing and simulating kinetic models in conjunction
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with multi-parameter electromagnetic fields can serve as an
indispensable tool to overcome these challenges.

4.4 X-ray persistent luminescence

Persistent luminescence, which can be activated by X-rays,
is important for information storage, security encryption,
bioimaging, and biosensing [149,150]. Mechanistic in-
vestigations have shown that large bandgaps, host materials
with heavy atoms, and lattice defects are important factors
that improve performance. Lanthanide ions are commonly
used to generate persistent luminescence because they offer
great optical tunability in terms of emission wavelength and
lifetime, thanks to their intraconfigurational 4f-4f and in-
terconfigurational 4f-5d transitions [151].

An example of persistent scintillation in the visible and UV
range is NaLuF4:Tb3+@NaYF4 nanoscintillators, which
continue to emit visible radioluminescence for more than 30
days after X-ray cessation (Figure 5) [114]. Furthermore,
multicolor modulation of radioluminescence from the UV-
Vis to the NIR region was also demonstrated in this work. In
the UV range, the emission in ultraviolet C (UVC)
(200280 nm) was achieved using a defect-bearing fluoride
elpasolite (Cs,NaYF) as the host and Pr’* ions as emitters
[152]. Longer wavelengths can penetrate deeper into the
tissue and improve contrast. Recent work has extended the
emission band into NIR-IT (1,000—1,400 nm) and NIR-III
(1,500-1,800 nm) biological windows. Zhang’s group [115]
recently developed UCNPs with an emission wavelength in
the NIR-II window using NaY(Gd)F, with low phonon en-
ergy as the host material and Nd3+, Ho3+, Tm3+, or Er'” do-
pants as activators. The host matrix and core-shell
architecture are crucial for optimizing the scintillation. The
host material must have a large bandgap and readily generate
anionic defects, while the core-shell design must minimize
surface and concentration quenching effects. Fluoride crys-
tals are considered good candidates because they can easily
generate anionic defects [152].

In addition to spectroscopy, the dynamics of persistent
luminescence were also utilized to mimic synaptic behavior
[153]. CaA1204:0.5%Eu2+ phosphors can simulate short-term
potentiation of the synapse by lower frequency and more
excitation pulses, while higher frequency and reduced
number of pulses lead to long-term potentiation. A model of
seed-centered electron-coupled trap clustering was proposed
to explain the change in dynamics of persistent lumines-
cence.

Although persistent emission has already covered a wide
range of topics summarized in previous examples, there is
still no universal way to describe the whole mechanism for
a given persistent phosphor [80,154—-156]. However, all
existing models agree that persistent luminescence depends
heavily on the bandgap and defects in the host matrix. The
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Figure 5 Mechanism and applications of X-ray persistent luminescence. (a) Proposed mechanism of long-lived persistent radioluminescence of lanthanide-
doped nanocrystals. Upon X-ray excitation, electrons are photoexcited in an inner electronic shell of lattice atoms to produce low-energy electrons, which are
either transferred to activators for emission or partially stored in traps. Electrons in shallow traps are slowly released for spontaneous long-lasting emission. In
contrast, electrons in deep traps populate to the conduction band (CB) under optical or thermal stimulation. VB, valence band. (b) TEM micrograph of
NaLuF,:Tb (15 mol%)@NaYF, nanocrystals. (c) Radioluminescence emission spectra of the core-shell nanocrystals, recorded after cessation of X-rays
(50 kV) for 0.5-168 h or 30 days. (d) Schematic showing 3D electronic imaging enabled by a nanoscintillator-integrated, flexible detector. (b—d) Adapted
with permission from Ref. [114], copyright by Springer (2021). (e) Schematic of X-ray-activated persistent luminescence (PL) generated in lanthanide-doped
nanoparticles. (f) Time-dependent NIR-II persistent luminescence (top) and NIR-II luminescence (bottom) images of tumors in living mice after multiple
injections of Er-doped persistent luminescence nanoparticles (Er-PLNPs). Scale bar, 1 cm. (g) Time-dependent NIR-II PL (centre) and NIR-II luminescence
(right) images of a ureter in a living mouse after renal pelvic injection of Er-PLNPs (left). The FWHM of the ureter is smaller in PL images. (e—g) Adapted

with permission from Ref. [115], copyright by Springer (2021) (color online).

design strategy is increasingly focused on addressing the
following questions: is the bandgap large enough to ac-
commodate desired traps; is the concentration of defects
sufficient to store the radiative energy; and are the defects
in the matrix effectively involved in the charge carrier
trapping process? In a recent study by Xu and coworkers
[157], the inclusion of interstitial Na' ions within NaLuF,:
Gd-based nanoparticles was utilized to enhance persistent
luminescence intensity. Upon X-ray irradiation, interstitial
Na' ions formed anion-Frenkel defects, which contributed
to trap formation and enhanced luminescence. To fully
understand the phenomenon, it is important to examine the
underlying mechanisms of X-ray-activated persistent lu-
minescence.

4.5 Other notable applications
4.5.1 3D printing
Additive manufacturing, also known as 3D printing, allows
the fabrication of geometrically complex and functional
structures by combining nanomaterials with the process
[158]. This method overcomes the limitations of conven-
tional manufacturing and produces structures with high
geometric complexity and multifunctionality that can be
modified spatially and temporally [159]. The integration of
nanomaterials with 3D printing also enables the tuning of
functional properties at both the nanoscale and macroscale.
Recent technological advances have enabled the integra-
tion of lanthanide-doped photonic materials with 3D print-
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ing. This combination is used to fabricate photonic devices
and 3D materials by combining lanthanides with 3D-prin-
table polymers. A typical example is the recently published
work by Wu and coworkers [160], in which 3D assembly of
luminescent lanthanide MOFs was controlled by additive
manufacturing and subsequent post-printing treatment. They
selected an alginate-containing formulation as the precursor
ink to print the structure by direct ink writing. After im-
mersion in a solution of lanthanide MOFs, Eu’’ ions and
EuMOFs were uniformly decorated on the surface and in-
terior of sodium alginate. This was achieved by exerting
traction forces to drive the alginate outward and then che-
lating with the ions. However, precise control of the ligand
content is necessary to avoid interfering with the printing
process and assembly.

Alternatively, integrating lanthanide ions into the ink can
realize 3D printing of photonic devices without post-treat-
ment [161,162]. Tang and coworkers [162] reported poly-
electrolyte-stabilized nanoparticles with the inclusion of
Ln* complexes, in which the positively charged Lo’ ions
interact electrostatically with negatively charged substituents
of polyelectrolyte chains and induce aggregation to form
nanostructures. They then integrated the stabilized nano-
particles into a poly (lactic acid) matrix as the printing ma-
terial [162]. Other materials can also be used as printing
media, such as hydrogels, which offer a combination of
biological and luminescent properties. For instance, Zhou
and coworkers [163] developed a shape- and color-re-
sponsive hydrogel ink that responded to different humidity or
hydration/dehydration. The printable ink consisted of Eu'"-
coordinated zwitterionic polyethyleneimine-co-poly (acrylic
acid) (PEI-co-PAA) copolymers and poly(ethylene glycol)
diacrylate (PEGDA), achieving controllable fluorescent
colors based on the competing effect between blue-green
emitting PEI-co-PAA copolymers and red emitting lantha-
nide Eu’” ions.

UCNPs have been used as ultraviolet activators for pho-
toinitiation in direct 3D printing processes. They take ad-
vantage of NIR-triggered emission to enable deep 3D
photopolymerization without the need for layer-by-layer
printing. For example, Méndez-Ramos and coworkers [164]
demonstrated NIR-activated 3D structure formation in pho-
tocurable organic base resin. The radiation power and ex-
posure time were greatly reduced compared to simultaneous
two-photon absorption techniques. Khaydukov and cow-
orkers [165] further investigated the polymerization process
at both millimeter and sub-micrometer scales. The aniso-
tropy of nanoparticles led to different polymerization rates
between the flat surface and the edge, thus determining the
printing resolution.

In addition to laser scanning lithography, a projection
method based on digital mirror devices has also been used in
3D bioprinting [166]. Using UCNPs as nano-initiators, the
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injected bio-ink was printed into customized tissue con-
structs in situ and in vivo. However, the luminescence
properties of the printed products were not fully considered.

To summarize, 3D printing is a powerful tool for devel-
oping large-scale photonic devices using lanthanide-based
materials. Challenges remain in the integration of controlled
micro/nanoform and photonic properties, as well as in the
fabrication of tailored materials for biological, photonic and
telecommunication applications.

4.5.2  Optogenetics

Optogenetics is a field that uses optical stimuli to manipulate
cellular and neuronal activities. UCNPs, which can be opti-
cally excited by NIR light, are becoming a popular choice as
probes for optogenetics. This is due to their plentiful visible
emission bands, excellent photostability, and good bio-
compatibility. The ability of UCNPs to be excited by NIR
light sets them apart from other fluorescent probes such as
green fluorescent protein. NIR light causes minimal scat-
tering and absorption in tissue, allowing deep penetration and
a better signal-to-noise ratio compared with other probes.

The first application of UCNPs in optogenetics can be
traced back to 2015 when Yawo and coworkers [167] used
NaYF,:Sc/Yb/Er nanoparticles to sensitize 975 nm excita-
tion and create green emission that was matched with the
absorption of ChR2, resulting in the stimulation of ND7/23
cells expressing C1-V1. To further enhance NIR absorption,
Han and coworkers [168] designed dye-sensitized (IR-806)
NaYF, Yb/Er@NaYF,:Yb UCNPs, with efficient optical
activation at 800 nm for ReaChR in cultured hippocampal
neurons.

In 2017, Shi and coworkers [169] designed a UCNP-based
transducer by packing Er- or Tm-doped UCNPs at high
concentration into a glass microoptrode and implanting it
into a live rodent’s brain. The nanoparticles, located near
neurons expressing ChR2 or C1V1, converted NIR light into
visible emission for optical stimulation of these opsin pro-
teins. In a separate in vivo application, McHugh and cow-
orkers [170] injected NaYF,:Yb/Tm UCNPs into the ventral
tegmental area to stimulate neuronal activity with Tm
emission under 980 nm excitation.

Although UCNPs have shown promising performance as
in vivo optical probes due to their NIR excitability, they still
have a low intrinsic quantum yield (typically below 1%).
Future UCNP-based optogenetic devices should enhance
emission intensity while avoiding severe heating effects on
tissue, as emission intensity appears to be positively corre-
lated with excitation power.

5 Summary and outlook

Over the last 20 years, research in lanthanide photonics has
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rapidly grown, leading to advances in material design,
bioimaging and sensing, super-resolution imaging, lasing
and many other fields. However, some bottlenecks still
hinder wide applications of lanthanide-doped materials
[171]. We have summarized some of them for discussion.

(1) Bioconjugation for bioimaging and point-of-care test-
ing (POCT). For imaging applications, bioconjugation of
lanthanide nanomaterials to biomolecules has made great
progress. However, there are still challenges in developing
stable and widely applicable fluorescent probes compared to
older generations such as organic dyes, quantum dots, and
nanodiamonds. Furthermore, for in vivo imaging and ther-
apeutic applications, the biosafety of lanthanide materials
has always been a concern. For commercial POCT applica-
tions, lanthanide materials remain promising candidates, but
their industrial-grade synthesis and modification techniques
remain unexplored.

(2) Limitations in material constructions. The commonly
used fluoride crystal is optimized for low phonon energy and
best luminescence intensity. However, this sodium fluoride
matrix also limits wider applications of lanthanide emission.
The fluoride-containing surface reduces bioaffinity to mo-
lecules. It also complicates the morphological transformation
of materials (e.g., flexible nanowires, ribbons, large spheres).
Future uses will demand a wider variety of materials. Lan-
thanide-based materials, including complexes, polymers,
MOFs, and conjugates with peptides, proteins, RNA and
DNA, could be the direction of future development.

(3) Limitations of expensive and sophisticated in-
strumentation. Super-resolution systems, including SIM and
STED systems, are currently high-end laboratory systems
that need major customization. Technology adoption has
been restricted by expensive components and sophisticated
software development. It is hoped that emerging demands in
3D vision, laser radar, display and projection, image re-
cognition, and algorithm-based super-resolution will lead to
more affordable, commercial-grade components and algo-
rithms.

With the theories, tools and applications discussed above,
energy level manipulation plays a key role in lanthanide
research. Further possibilities for energy manipulation are
discussed below.

(1) Theory and technology development and standardiza-
tion. One possible solution is open-source packages for some
of the widely used theories and technologies. This will
greatly lower the difficulty of entering the field. Sharing
elementary tools will enable evaluation of different methods.
This will further accelerate the field while leveraging all
existing knowledge and techniques.

(2) Taking advantage of state-of-the-art optical technolo-
gies. Because of advances in investigative tools, test condi-
tions have changed dramatically. Research priorities have
shifted from relatively low excitation power to high power
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conditions, from a steady state to a temporal state, and from a
cluster or solution to a single particle or even a single photon.
These conditions help the discovery of novel photonic ap-
plications such as single photon sources, ultrafast lifetime
imaging microscopy, single-ion catalysis with single-mole-
cule fluorescence or electrochemical methods. Incon-
trovertibly, lanthanide research can be advanced by using
state-of-the-art optical technologies in physical, chemical
and biological fields (e.g., quantum optics, single ion cata-
lysis, neuron studies).

(3) Extended energy range. Currently, most studies are
conducted within the UV and visible wavelength range.
However, there have been recent studies in exploring the
near-infrared range. To further explore the potential of lan-
thanide emission, future studies could focus on the vacuum
ultraviolet (photoelectron spectroscopy, photolithography),
mid-infrared (molecular sensing, thermal imaging, and tel-
ecommunications), and terahertz regions (security screening,
non-destructive testing, and ultrafast communication).

(4) Integration into chips and devices. The development of
optical chips and devices that take advantage of the excellent
optical properties of lanthanide photonic materials requires
collaboration across various fields. Although there is limited
room for basic science exploration, advances in technology
can also provide valuable knowledge for designing appli-
cation-oriented materials [172].
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