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In recent years, Photon Avalanche (PA) on the nanometre scale has emerged as a groundbreaking
phenomenon, enabling the generation of high-energy photons with minimal pumping power due to its
highly nonlinear optical dynamics. This review focuses on the advancement in photon-avalanching nano-
particles (ANPs), composed of lanthanide ion-doped inorganic matrices, which exhibit remarkable optical
nonlinear response under low-power excitation. The objective of this article is to provide a comprehen-
sive overview of the PA mechanism in nanoscale materials, with a specific focus on single-ANP systems.
Key factors influencing the PA characteristics, such as excitation-power threshold, excited-state absorp-
tion, cross-relaxation process, dopant ion concentration, and temperature sensitivity are summarized.
Furthermore, the review situates recent ANP research within the broader context of early studies on the
PA mechanism observed in bulk crystals and optical fibers, highlighting the distinctive features and appli-
cations of ANPs. Notable applications discussed include single-particle and biological super-resolution
imaging, deep-tissue imaging, luminescence thermometry, ANP-based lasers, optical data storage, and
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information security. The paper also addresses current challenges and limitations of ANPs in practical
applications, proposing potential solutions and future research directions to facilitate their integration into
real-world environments. This review aims to serve as a valuable resource for researchers seeking to
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1. Introduction

Through the PA phenomenon, ANPs exhibit highly nonlinear
optical dynamics in response to even minute increments of
pumping power." PA in lanthanide-based materials is a nonlinear
upconverting (UC) mechanism, in which a fractional increase in
pumping power results in a significant increase in luminescence
intensity - often 1000-fold or more. Such characteristics dis-
tinguish ANPs from the other lanthanide-doped luminescent or
conventional upconverting materials, making them more sensi-
tive to perturbations, both environmental or internal, during the
chain reaction of cross-relaxation (CR) and excited-state absorp-
tion (ESA) that occurs during the avalanching processes.> Various
applications, including single-particle tracking® and super-resolu-
tion imaging,”* luminescence thermometry,>® ANP-based
lasers,” optical storage, and information security," have been
shown based on the high luminescence intensity of ANPs. ANPs
are generally composed of inorganic crystalline host matrices
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advance the understanding and application of ANPs in various scientific and technological domains.

such as NaYF,, NaGdF,, LaF;, and CaF;, etc., doped with rare-
earth lanthanide (Ln*") ions that work as absorber and emitter
ions. Common Ln*" dopants include ytterbium (Yb*"), neody-
mium ion (Nd**), thulium (Tm**), erbium (Er**), and holmium
(Ho*"). These dopant ions are responsible for the PA effect by
creating a positive feedback system analogous to the second-order
phase transition of ferromagnetic spin systems.

In lanthanide-based PA, incident excitation is chosen so
that its energy cannot be resonant with any ground-state
absorption (GSA) transitions within the Ln** ions but is
resonant with an ESA transition. This is accomplished, for
example, by pumping the Tm**-based ANPs with a continuous
wave (CW) near-infrared (NIR) laser at the wavelength of
1064 nm or 1450 nm. Under these conditions, a single (non-
resonant) ground-state absorption (GSA) event initiates the
chain reaction of ESA and CR events between Tm®* ions.
Within this chain reaction, a single excited Tm** ion absorbs
an incident photon via ESA, putting it in a higher excited state.
Then it can “donate” part of its energy to a neighboring Tm>*
ion via a CR process, placing both Tm*" ions in an intermedi-
ate excited state prepared for ESA. These two Tm*" ions’ ESA
leads to four Tm** ions’ in the intermediate state via the sub-
sequent CR process. This process can continue with multiple
cycles, emitting multiple high-energy photon emission at
800 nm (approx)>**® Fig. 1.
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Fig. 1 Schematic illustration of PA mechanism in Tm**-doped core/
shell avalanche nanoparticles under 1064 nm.

Fluorescent organic molecular dyes and protein molecules
(e.g. green fluorescent proteins (GFP), blue fluorescent protein
(BFP), or cyan fluorescent proteins) are most frequently used
as photoluminescence probes in bioimaging, deep tissue
imaging, and other biomedical applications, as they allow
good compatibility with biological objects.” > However, when
exposed to radiation, many organic dye molecules exhibit
photobleaching while continuously monitoring individual
molecules and imaging subcellular organelles during real-time
imaging.” In recent years, researchers have made great pro-
gress in designing luminescent nanoprobes that address the
limitations of traditional fluorescent dyes and protein mole-
cules. Specifically, many of these advances involve nano-
material probes with distinct luminescence characteristics,
such as perovskite quantum dots,'* semiconductor quantum
dots (QDs),">'® fluorescent nanodiamonds,'” polymer dots,"®
Graphene nanodots (GNDs),'*?°  single-walled carbon
nanotubes,?”** and copper-indium-selenium (CISE) nano-
tubes.>® These nanoprobes are generally more resistant to
photobleaching but still face stochastic photoblinking behav-
ior, rendering them unsuitable for single-molecule-tracking.
Additionally, the extent of their use in super-resolution
microscopy is limited due to issues like toxicity and nonspeci-
fic binding to non-target areas.'**%'%19

Conventional rare-earth upconversion nanoparticles
(UCNPs) address most of these issues. They offer good biocom-
patibility, stability under prolonged radiation, and resistance
to photobleaching and photoblinking. Additionally, they
produce minimal background autofluorescence and have low
bio-toxicity, making them superior to the above-mentioned
probes. Nonetheless, their reliance on high-power excitation
sources may limit their applicability in certain sensitive bio-
logical or environmental samples.>**® However, over the years,
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ANPs have made good luminescence markers because they fre-
quently exhibit giant nonlinear responses in luminescence
intensity and fast response times, enabling sensitive detection
and imaging upon small NIR excitation intensity, particularly
advantageous for heating-free bioimaging in vitro. Due to
these unique spectral properties, ANPs are now being
implemented as high-resolution optical probes for optical bio-

imaging, and other emerging photonic applications.>®
However, their utilization introduces complexity in
measurement and interpretation, requiring sophisticated

instrumentation and data analysis techniques. Additionally,
ANPs are sensitive to environmental factors, potentially com-
promising measurement reliability as compared with tra-
ditional UCNPs.

Mechanistic research has dramatically improved the funda-
mental comprehension of Ln**-based UC over the past few
decades. In general, several mechanisms have been described,
including Excited state absorption (ESA),”” Energy transfer
upconversion (ETU),”®*° Interfacial energy transfer (IET),*°
Cooperative energy transfer (CET),>** as well as PA - the focus
of this survey Fig. 2. PA is a unique phenomenon among these
mechanisms because it generates a self-sustained process
under a meager pump power due to the CR process. The PA
mechanism is influenced by several interdependent factors
that distinguish it from other nonlinear multiphoton pro-
cesses. PA exhibits a distinct nonlinear power dependence,
with a sharp excitation-power threshold or Photon avalanching
threshold (") beyond which the emission efficiency increases
dramatically. This characteristic behavior is further supported
by a characteristic S-shaped emission intensity power depen-
dence and critical slowing down of rise times, with the rise
time of the excited state population often extending well
beyond the intermediate state’s lifetime. An efficient PA
process occurs in materials characterized by strong ESA and
very weak GSA. This combination typically arises when the
excitation radiation is resonant with ESA but not with the
ground-state transition. The ratio of ESA to GSA cross-section

OGSA
absorption from excited states. PA also relies on the electronic

(ﬁ:%> should ideally exceed 10%, ensuring stronger

structure of the luminophore to enable “chain reaction”, a
process typically facilitated by CR, in which a pair of single
excited state ions and ground state ions produce two interme-
diately excited ions by donating part of the excited state energy
to a ground state ion. These ions can then absorb additional
photons via ESA, enabling the looping cycle to repeat. With
each iteration, the intermediate state population doubles,
leading to a highly nonlinear amplification of light emitted by
that state and other associated states. The dopant ion concen-
tration also plays a pivotal role. Optimal spacing is required to
maximize energy transfer while avoiding quenching from
sensitivity

impacts PA efficiency: higher temperature can enhance energy
1,8,33-35

excessive proximity. Additionally, temperature

transfer but may also increase phonon-mediated losses.
Together, these factors synergistically define the PA mecha-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Schematic illustration of the fundamental UC mechanism in lanthanide ions. (A) Excited state absorption (ESA). (B) Energy transfer UC (ETU).
(C) Cooperative energy transfer (CET). (D) Interfacial energy transfer (IET). (E) Photon avalanche (PA).

nism and differentiate it from conventional energy-transfer
upconversion®® or energy-looping processes.®”

The initial discovery of PA was first observed in 1979 by Jay S.
Chivian in lanthanide-doped bulk crystal of LaCl;:Pr*" or LaBrj:
Pr*" to detect medium infrared photons by signal radiation
around 4.5 um. These photons played a crucial role in populat-
ing the intermediate *Hj level within the crystals. Subsequently,
efficient photoexcitation was achieved using a CW green laser
source, facilitating the transition from the *Hs — *P; ESA. When
this pumping source exceeds a certain threshold value, Pr** fluo-
rescence from the *P; or P, realization is enhanced by orders of
magnitude.®® Its discovery accelerated the development of more
lanthanide-based PA bulk materials in the context of UC lasing
and quantum counters.>**® Unfortunately, until very recently,
this discovery of PA in bulk material did not translate to nano-
materials due to increased complexity and losses present in
nanostructured systems.

This review delves into recent advancements in fundamen-
tal and applied research on PA at the nanoscale, focusing on
the unique properties and mechanisms of ANPs. By exploring
state-of-the-art studies, we aim to provide a comprehensive
understanding of the design, control, and functional optimiz-
ation of ANPs. To contextualize these developments, the review
compares nanoscale PA phenomena with earlier observations
in bulk crystals and optical glass fibers, highlighting the dis-

This journal is © The Royal Society of Chemistry 2025

tinctive features and advantages of ANPs in modern appli-
cations. The objective of this review is to guide future research
by offering a detailed analysis of the mechanisms driving PA
in ANPs, emphasizing factors like energy transfer processes,
dopant concentration, and environmental influences.
Additionally, we examine the potential of ANPs to push the
boundaries of nanotechnology through cutting-edge appli-
cations, including super-resolution imaging, deep-tissue
imaging, luminescence thermometry, ANP-based lasers,
optical data storage, and information security. By addressing
current challenges and proposing strategies for overcoming
limitations, this review aims to inspire innovative approaches
for the intelligent design and real-world implementation of
ANPs. The overall organizational theme of the review is shown
in Fig. 3.

2. Photon avalanche historical
evaluation from bulk crystals to
nanoparticles

2.1. Photon avalanche in bulk crystals

PA was initially observed using crystals doped with Pr** ions in
infrared quantum counters. These crystals, specifically LaCl;

Nanoscale, 2025,17, 6329-6361 | 6331
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Fig. 3 Schematic representation of photon avalanche (PA) upconversion and its diverse developments, as explored in this article.

or LaBr;, were doped with Pr’* ions into their lattice structure
and subjected to laser-pump radiation tuned precisely to the
absorption frequency of the excited state transition (*Hs; —
®p,). When the intensity of this laser radiation slightly
exceeded a specific critical threshold, an extraordinary
phenomenon occurred: the fluorescence emitted by the Pr’*
ions increased dramatically. This enhancement in fluorescence
led to a noticeable decrease in the intensity of the photo-
excitation source as it propagated through the crystal. This
remarkable behavior was attributed to an efficient resonant
energy transfer mechanism involving the *Hs, *Hs, and *H,
infrared states of Pr** ions. The UC process facilitated by these
states played a pivotal role in achieving a large population of
excited states, a condition crucial for the quantum counting
process.>® The significant increase in fluorescence intensity
was a direct result of this resonant energy transfer, which
amplified the PA effect and made it highly efficient. This dis-
covery marked a groundbreaking advancement in the under-
standing of PA phenomena. It was the first recorded instance
of such a process and served as a foundation for developing
other lanthanide-based quantum counter materials.

Building on this initial work with Pr**-doped crystals, sub-
sequent research extended the concept to other lanthanides,
such as Sm®', and Nd*', which exhibited similar PA
effects.>®*° These materials found applications in solid-state

6332 | Nanoscale, 2025, 17, 6329-6361

laser systems, particularly under cryogenic conditions at temp-
eratures of <40 K. This pioneering research not only elucidated
the mechanisms behind PA but also spurred innovation in the
field of quantum counter materials and infrared laser techno-
logy. We have collected comprehensive data on the PA effect in
“bulk” crystals, summarized in Table 1. The PA mechanism
presents an intriguing method to pump an upconverting laser
at a relatively low pumping irradiance due to the population
inversion it exhibits. This unique feature has spurred the study
of PA in various lanthanide-doped bulk crystals.**?**** For
instance, Brenier et al described a looping mechanism
observed in Er*'-doped YAIO; oxide crystal, which emitted
green at 550 nm (*P3;, — “I;4,,) and blue emission at 475 nm
(*Sz;» — *I15,) when excited by CV laser radiation in the
690-810 nm range at room temperature.*’> This observation
demonstrated the potential of Er**-doped crystals for PA-based
upconversion, as the fluorescence intensity significantly
increased once the excitation intensity surpassed a specific
threshold. Hebert et al. further contributed to the study of PA
effects by demonstrating the generation of intense blue UC
emission at 483 nm (G4 — *Hg) in a 1.8% Tm-doped LiYF, flu-
oride crystal.** This emission was induced by a single red-dye
laser operating at 628.6 nm which resonated only with absorp-
tion from a metastable state, but not from the ground state.
The avalanche absorption pumping scheme proved to be

This journal is © The Royal Society of Chemistry 2025
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Table 1 Survey report of the PA-like behavior in “Bulk” Crystals since 1949
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Excitation Transition
Host crystal Dopant ions  Excitation Emission power threshold states Temperature  Ref.
Y;Al50;, 5% Tm>* 617 nm Blue emission (486 nm) 1.3 G, - *Hg 35K 33
LaCl; or 3-4.8% Pr’* 4500 + 529 Red emission 1.2-12.2 W 3Py — °Hsg 20-300 K 38
LaBr; cm™2 3P1 — 3F2
LaBr; 1.05% Sm®" IR +593.2 nm Red emission (644 nm) — — 42K 39
CeCl, 1% Nd** Red — 135 mW and — 4.2-60 K 40
40 mW
LiYF, 1% Nd** 603.6 nm Blue emission (413 nm) ~50 kW cm ™2 %Py = Ty, 30K 42
YAIO, 1.5% Er** 690 nm-810 nm Green and blue emissions — 4S5 = Lis;,  Room 43
(550 nm, 405 nm, and 475 nm) Py = s
P32 = "
YALO; 2% Tm** 649.5 nm Blue emission (475.6 nm) 1 kW cm? G, - *Hg Room 44
LiYF, 1.8% Tm*"  628.6 nm (red-dye  Blue emission (483 nm) — 'G, — *Hg 160 K 44
laser)
Cs,NaGdClg 10% Tm>* 650 nm Blue emission (480 nm) 9 kW cm? G, — °Hg Room 45
Cs,NaGdClg 1% Tm*", 785 nm Blue and red emission (483 nm, G, — *Hg Room 46
10% Ho** 658 nm, and 701 nm) G, - °F,
*F, — *H,
Cs,NaGdClg 10% Tm>", 785 nm Blue, green, yellow, and red °F; — Ol Room 46
10% Ho*" emission (492 nm, 593 nm, °S, = I
588 nm, and 657 nm) 3Gy = I
°F5 — °Ig
YAG 5% Ho>" 594 nm Green emission (545 nm) 90 mW °S, — I, 300 K 48
YAP 5% Ho*" 586 nm 110 mwW
YLF 1% Ho® 580 nm 164 mW
LaCl, 3-7% pPr** 677 nm 644 nm ~2.3 kW cm™ 3P, > °F, 80<T<210 49
YAG 3% Tm®* 638 nm Blue emission (486.2 nm) 100 mW 'G, = *Hs Cryogenic 50
temp.
LaF, 1% Tm** 635.2 nm Blue emission (480 nm) 100 mW G, - *H, 77 K 51
LiYF, 5% Er’* 579 nm Green emission (550 nm) 37 mW S5, = 5, Room 52
YLF 3% Tm*" 477.4and 483 nm 477 nm ~50 mW G, — °Hg 160 K 53
(pump-probe)
LiKYF5 5% Tm?*", 648 nm Blue emission (450 nm) ~1 kW cm? D, - °F, 77 K 54
0.1% Er**
p-Na 0.5% Ho*" 980 nm Green emission (540 nm) 370 mW ®s, — I Room 55

(YLsNaas)FG

effective even at cryogenic temperatures, down to 160 K, show-
casing the versatility of PA in various temperature regimes.

In conventional studies, photon avalanching in Tm**-doped
crystals, typically achieved by pumping with Infrared (IR) or
dye laser, has predominantly been observed at room tempera-
ture. For instance, in the case of the elpasolite crystal
Cs,NaGdClg doped with 10% Tm?®* ions, intense blue lumine-
scence near 450 nm and/or 480 nm was generated under
650 nm laser excitation at room temperature. This emission
was attributed to the PA pumping process.*> Further investi-
gation on the same crystal samples including singly doped
with 1% Tm’" and 10% Ho®", and co-doped with 10% Tm®"
and 10% Ho®", revealed interesting emission bands.*® Under
785 nm excitation, the 1% Tm>" single-doped sample exhibited
three avalanche emission bands near 483 nm (blue), 658 nm
(red), and 701 nm (infrared) assigned to be 'G, — *Hg, 'G5 —
3F, and *F; — *Hj states, respectively. The 10% Tm>" co-doped
sample, on the other hand, exhibited four strong emissions
bands near 492 nm (blue), 593 nm (green), 588 nm (yellow),
and 657 nm (red) attributed to various transitions of Ho®"
ions, namely °F; — °Ig, °S, — °lIg, °G4 = ’Ig, and °F5 — °I;.

In contrast, Ni et al. observed the abrupt onset of fluo-
rescence and avalanche absorption dynamics at 649.5 nm in a

This journal is © The Royal Society of Chemistry 2025

2% Tm>":YAIO; crystal at room temperature.”” The laser
source, which was not resonant with any GSA, induced ions to
transition to excited states through short-range interactions
between excited ions and neighboring ground-state ions. This
process led to increased absorption and the emission of strong
blue UC fluorescence at 475.6 nm (‘G4 — *Hj) transition above
a sharp threshold intensity. Malinowski et al. also explored
avalanche UC at room temperature in Ho>" ion-doped oxide
and fluoride crystals including YAG, YLF, and, YAP crystals,
which emitted strong green fluorescence at 545 nm corres-
ponding to the °S, — °I; transition of Ho®>" ions under CW
orange light excitation in the 580-590 nm spectral range.*®
The collective findings from these studies on avalanche be-
havior in “bulk” crystals have sparked the development of
solid-state lasers for a range of practical applications, such as
optical data storage, full-color displays, and medical instru-
mentation. However, while bulk crystals offer exciting poten-
tial, their use is somewhat limited for certain applications, par-
ticularly in the biomedical field. One significant drawback of
using bulk crystals in this context is their size. Larger crystals
can be prone to failure due to mechanical stress or other
factors, and they may not be as suitable for implantation or
use in devices that require biocompatibility. This challenge

Nanoscale, 2025,17, 6329-6361 | 6333
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has motivated further research into the development of
smaller, more adaptable crystal-based systems, or alternatives
such as nanomaterials, which could overcome these limit-
ations and better serve the needs of biomedical applications.

2.2. Photon avalanche in optical glass

Following the extensive studies on bulk crystals, researchers
turned their attention to halide-based glass fibers as a promis-
ing alternative for light emission applications. These materials
were found to possess low-vibrational phonon energies, which
significantly enhanced their efficiency in facilitating photon
upconversion processes compared with bulk crystal materials.
The unique properties of halide-based glass fibers, such as
their flexibility, high optical quality, and ability to guide light
over long distances, made them a favorable choice for explor-
ing avalanche behaviors in a fiber geometry. By doping several
lanthanide ions into different types of glass fibers, scientists
were able to successfully replicate and enhance the PA effect
observed in bulk crystals. These fibers not only exhibited
efficient upconversion emission but also demonstrated the
capability to sustain avalanche processes up to room tempera-
ture, a critical requirement for practical applications.

For instance, Auzel et al. reported a significant demon-
stration of PA emission in a fluoride-based glass fiber com-
posed of 4% Er**-doped ZBLAN.>® Under photoexcitation with
a laser tuned to 579.2 nm, this material exhibited a strong
green PA emission centered at 550 nm, corresponding to the
S3;, — L5 transition of Er’* ions. Notably, the emission
showed a steep threshold intensity at approximately 60 kW
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em™?, highlighting the non-linear and highly efficient nature
of the avalanche process in this system. Similarly, Martin et al.
explored the PA effect in 2.5% Tm®-doped fluoride glass
fiber.”” When subjected to red laser excitation at 650.5 nm,
this material emitted intense blue emission at two distinct
wavelengths: 445 nm ('D, — °F,) and 475 nm (G, — *Hg). The
results demonstrated the potential of fluoride glasses for
achieving efficient PA-driven upconversion in the blue spectral
region. Further studies by Lahoz et al. investigated PA emis-
sion in a 2.5% Ho’"-doped fluoroindate glass.”® This material,
when excited with a laser at 747 nm, emitted a vivid green
light at 545 nm corresponding to the combined °S,,°F, — °Ig
transitions of Ho>* ions.

M. F. Joubert et al. also observed intense blue emission at
481 nm in 3% Tm’"-doped BIGaZYTZr fluoride glass from the
'G, and 'D, levels, under continuous wave excitation at
648.7 nm infrared.’® The dynamics and power dependencies
of both 'G, and 'D, fluorescence under 648.7 nm excitation
revealed a PA mechanism. At higher concentration CR energy
transfer and excited state absorption mechanisms compete to
feed the 'G, and 'D, levels. Guy et al. reported the PA effect in
a 3.2 wt% Tm>*"-doped ZBLAN optical fiber at room tempera-
ture.®® Pumping at 630-650 nm, which is not resonant with
the ground-state absorption, resulted in intense blue emis-
sions at 450 nm ('D, — °F,) and 480 nm (G, — *Hg). It was
established that the primary mechanism involves excited-state
CR via the *H, ground state of Tm>". A brief comprehensive
report of optical glass fiber in which the PA effect has been
observed is given in Table 2. The PA effect was also observed

Table 2 Survey report of PA-like behavior in “Optical glass fibers” since 1993

Excitation
Dopant power
Glass fiber ions Excitation Emission Transition states  threshold Temperature  Ref.
ZBLAN 1% Ho*" 581 nm Green emission (545 nm) 58,°F, - I 124 mW Room 48
ZBLAN 4% Er** 579.2 nm Green emission (550 nm) 4S50 = s 60 kW ecm™  Room 56
Fluoroindate glass ~ 2.5% Tm*"  650.5 nm Blue emission (445 nm and 475 nm) 'D, - °F, — Room 57
G, — °Hg
Fluoroindate glass 2.5 Ho>* 747 nm Green emission (545 nm) %S,°Fy = “lg 68 mW Room 58
BIGaZYTZr (BIG) 3% Tm** 649 nm Blue emission (481 nm) 'D, — °F, 80 mW 4.2-300 K 59
1G, - 3H,
ZBLAN 3-2% Tm**  630-650 nm  Blue emission (450 nm and 480 nm) 'D, — °F, >50 mW Room 60
1G4 — 3H6
ZBLAN 2.5% Ho®" 980 nm Green and red emission 58,°F, — I 100 mW — 61
(540 nm, 652 nm and 766 nm) °Fs = Ol
5S,°F, - °I,
SiO, fiber 9-13% Pr** 670 nm Blue and green emission 3p, — *H, <0.5Wem™?  — 62
(490 nm and 560 nm) *p, - *H,
ZBLAN pr** 780-880 nm  Red, orange, green, and blue *py = °F, 42 mW Room 63
emission (635 nm, 615 nm, 3py — °F, 29 mW
520 nm, and 493 nm) 3p, - *Hy 21 mW
3p, - °H, 60 mW
ZBLAN glass 3% Er** 690-700 nm  Green emission (550 nm) 1S5, = ysp 100 mW Room 64
and fiber 4 mW
ZBLAN 3% Er** 579 nm Green emission (550 nm) 1S3 = Musp 5 mW Room 64
ZBLAN 5% Ho®" 585 nm Green emission (545 nm) 58,°F, — I 180 mW 77 K 65
ZBLAN 1% Ho*" 585 nm Green emission (545 nm) 58,°F, - I 180 mW 77K 66
5% Tm>"*
Fluorozinconate 2.5% Ho**  750nmand  Green emission (545 nm) 58,°F, - °Ig 25 mW Room 67
glass ZBYA 840 nm 36 mW
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in 2.5% of Ho’"-doped ZBLAN optical glass fiber under non-
resonant excitation at 980 nm laser,’" and strong green emis-
sion at 540 nm (°S,,’F, — °Ig) was detected, accompanied by
two other longer wavelength bands at 652 nm (°F; — °I) and
766 nm (°S,,°F, — °I,). On the other hand, Gomes et al.
obtained the PA effect in 300-400 ppm of Pr’**-doped silica-
based optical fiber®® under CW visible laser diode at 670 nm,
which exhibited emission in the blue-to-green region at
490 nm and 560 nm corresponding to *P, — *H, and *P, —
*H, transition with threshold power density <0.5 W cm™2.

PA optical fibers have become highly valued in laser techno-
logy for their efficient light transmission and flexibility,
making them essential in fabricating solid-state lasers and
directing laser light to various systems. Their ability to deliver
precise and efficient optical performance has made them a
cornerstone of advanced photonic applications. However,
these fibers also face notable limitations. Their design and
manufacturing processes are highly complex and costly due to
the precise doping and material requirements. Additionally,
PA fibers have a limited operating range, often optimized for
specific wavelengths, reducing their versatility. The avalanche
process can generate high noise levels, complicating their use
in systems demanding stable outputs. Moreover, their photon-
detection efficiency is often insufficient for applications requir-
ing high sensitivity, such as low-light imaging or quantum
optics. These challenges must be addressed to expand the
utility of PA optical fibers in broader technological fields.

2.3. Photon avalanche in lanthanide ion-doped nanoparticles

The observation of the PA effect at the nanoscale has shown
promising results, particularly for practical applications when
compared with bulk crystals or fragile optical glass.®® This is
due to the unique properties offered by ANPs including the
following.

Size and surface area. ANPs typically have a high surface-to-
volume ratio due to their nanoscale dimensions. The small
size also offers advantages in terms of dispersibility and bio-
availability in biological for applications in
biomedicine.®

Tunability. Nanomaterials provide a greater degree of tun-
ability concerning size, shape, and surface properties, offering
flexibility for customization and optimization tailored to
specific applications compared with bulk crystals.®®

Enhanced efficiency. The smaller dimensions of nano-
particles can lead to enhanced efficiency in PA processes due
to energy confinement, which is particularly beneficial for
practical implementation.>

Scalability and manufacturing. Nanoparticle synthesis tech-
niques have advanced significantly, enabling scalable and
cost-effective production of PA nanomaterials that can be fabri-
cated utilizing solution-based methods, like sol-gel-based for-
mation and/or hydrothermal synthesis, which can be more
amenable for large-scale manufacturing compared with the
growth of bulk crystals for the fabrication of complex optical
fibers.”” However, it is important to note that observing
photon avalanching at the nanoscale is challenging because of

systems
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the strict preconditions appropriate to establish a cascade
system. Researchers are actively exploring and investigating PA
in nanoparticles to optimize efficiency and unlock new oppor-
tunities for cutting-edge applications, including nanopho-
tonics, biological imaging, and information storage. In recent
years, several reports have highlighted the advancements in
ANPs. These studies have demonstrated improved efficiency,
novel synthetic approaches, and expanded applications of PA
nanomaterials. By harnessing the unique properties of ANPs,
researchers are paving the way for transformative advance-
ments in photonics and related fields.

Using theoretical modeling, Bednarkiewicz et al. proposed
a PA behavior in Nd**-doped nanoparticles under 1064 nm
photoexcitation.?® This wavelength corresponds to the ESA
"1 = 'F3), transition, where the ESA cross-section (ogsa) is
significantly larger than the GSA cross-section (6gsa), favoring
the population of the excited state. As the excitation intensity
increases, energy transfer between neighboring Nd** ions
through the CR process (Wcg) leads to a feedback loop that sig-
nificantly enhances the population of the intermediate I/,
state. This looping mechanism amplifies the emission inten-
sity in a highly nonlinear manner, which is crucial for PA be-
havior. Although non-radiative losses can reduce the efficiency
of this process, these losses are accounted for in rate equation
models by incorporating the non-radiative decay pathways of
the “I;;/, state Fig. 4(A and B). Based on in silico studies of
these PA-dependent factors and excitation intensities,
researchers achieved an “S”-shaped emission response above a
critical PA threshold (P > Pry) and below saturation regime
(Piv < Pg) — which is characteristic of PA behavior Fig. 4(C).
This sharp nonlinearity enables the exploitation of ANPs for
photon-avalanche single excitation beam sub-resolution
imaging (PASSI) techniques as luminescent labels and
enhances optical resolution up to the sub-nanometre.

As per recent reports, researchers have revealed experi-
mental studies in which highly doped nanocrystals can exhibit
a PA behavior, where specific energy levels are populated
through positive feedback under certain excitation conditions.
One significant advancement in this field is the use of Tm>*"-
doped nanoparticles that display PA-like behavior at room
temperature. These nanoparticles show exceptionally strong
nonlinear optical responses and have been successfully
applied in sub-diffraction imaging techniques within the NIR
biological window. In 2021, Lee et al. reported a significant
advancement in this field by achieving the PA effect at room
temperature in core/shell nanoparticles doped with 8% Tm>"
ions® (Fig. 5A). These nanoparticles were excited with a CW
laser operating at 1450 nm, a wavelength resonant with the
ESA transition between the *F, and *H, energy levels of Tm?*",
The experimental report confirmed all the hallmark features of
PA, including clear PA threshold, slowdown of the excited-state
population rise times at threshold, and a stronger power-laser-
induced ESA, which was more than 10" times greater com-
pared with the GSA. Above the avalanching threshold, a larger
nonlinear response exhibited up to the 26th power of the
pump intensity, and emission observed at 800 nm Fig. 5(B and
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Fig. 4 PAin Nd**-doped nanoparticles. (A) Energy-level diagram of Nd** ions showing under 1064 nm photoexcitation resonant with ESA, radiative
emission (Wyq) from “Fs, state and CR (Wcg) leading repeated population of the *Iy,, state. (B) The power-dependent PA emission profiles, ranging
from green to orange, were simulated using a rate equation model for Nd** ions. Key parameters like steady-state intensity (/ss), half-rise time (ty/,),
and time points (to, t1, t,) were used to quantify the PA behavior. (C) The steady-state PA emission (Iss = I.ym(t — o0)). ILum represents luminescence
intensity. Reproduced with permission from ref. 26. Copyright 2019, The Royal Society of Chemistry.

C) due to induced positive optical feedback in each nano-
particle enabled the experimental realization of photon-ava-
lanche single-beam super-resolution imaging®® with sub-
70 nm spatial resolution, far beyond the diffraction limit of
conventional optical microscopy. The simplicity of this
approach coupled with the exceptional photostability of the
Tm?**-doped ANPs highlighted their suitability for applications
in sub-diffraction imaging,*® optical sensing,>® and environ-
mental monitoring” within the NIR biological window.
Building upon this foundation, Liang et al. developed an
advanced PA system based on a core/shell architecture doped
with Yb** and Pr’* ions.® This system leveraged the ESA tran-
sition in Pr** (G, — °P,), triggered by a CW laser operating at
852 nm, which was strategically chosen to be off-resonant with
the GSA transition of both Yb** and Pr** Fig. 5(D). The result-
ing feedback loop between ESA and energy transfer facilitated
a robust PA mechanism within the core of the nanoparticles.
This study demonstrated a nonlinear optical response with a
26th-order dependence on the excitation power, with a clearly
defined PA threshold of about 60 kW cm™? Fig. 5(E). To further
enhance the optical response, the authors synthesized Ho>" and
Tm>*"-doped multi-layer shells around the core. The Migrating
PA (MPA) mechanism allowed the avalanche process initiated in
the core to propagate outward, inducing a nonlinear response
in the Ho®* and Tm®" ions located in the shell layer.
Remarkably, the Tm*" ions in the outermost shell exhibited a
46th-order nonlinear response of 452 nm blue emission with a
PA threshold of 120 kW ecm™ Fig. 5(F and G). This cascading

6336 | Nanoscale, 2025, 17, 6329-6361

multiplicative effect significantly amplified the optical nonli-
nearity, facilitating super-resolution imaging with a lateral
resolution of ~62 nm using a single low-power CW laser.

In a subsequent study, Zhan et al. achieved nanoscale PA
effects by introducing a Tandem PA mechanism utilizing IET
across a multilayered nanostructure.”” They synthesized
NaYF,:8%Tm>" core/shell nanoparticles, where the avalanche
core acted as a PA nano-engine, triggering high-order non-
linear responses in shell emitters. This approach achieved a
41st-order nonlinearity at a low PA threshold of 7.1 kW ecm™>
and a 475 nm blue emission avalanche from Tm®*" under a
single 1064 nm excitation, highlighting the potential of IET in
enhancing optical nonlinearity.

As per recent research on ANPs, Zhan et al. introduced a
novel mechanism called energy relay-mediated photon-avalanche
(enrePA), which further enhanced the PA process by incorporat-
ing a relay system within the nanoparticle architecture.”” Unlike
the traditional PA mechanism, in this system, Yb>" ions located
in the outer shell captured the avalanching energy from the ava-
lanched core through an IET process (*H, — °Fs,), effectively
relaying the energy of Tm*" ions and populating them into
higher energy states. This innovative energy relay mechanism
enabled a giant optical nonlinear response up to the 60th order
from the Tm®" ions, leading to intense blue emission at 452 nm
under a single CW 1064 nm irradiation (45.6 kW cm™?) Fig. 6(A
and B). To further expand this concept, the research team incor-
porated Gd**-based systems, allowing the activation of additional
lanthanide emitters, such as Tb*", Eu**, Dy**, and Nd*", resulting

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 PA in ANPs. (A) A schematic structure of 8% Tm>"-doped core@shell ANP and (B) their proposed PA mechanism emitted the photons at
800 nm under 1064 nm photoexcitation. (C) A schematic plotting the graph of 800 nm emission intensity under o, = 1064 nm for different core
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Reproduced with permission from ref. 3. Copyright 2022, Springer Nature.
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the Pr*/Yb**/Tm**/Gd®* system upon the photoexcitation at 852 nm CW laser. (D) Emission intensity versus excitation intensity of Tm** ions at
452 nm exhibiting 63rd-order nonlinearity response. Reproduced with permission from ref. 73. Copyright 2024, SPIE Digital Library.

in nonlinear responses up to the 48th order, and the generation
of full-spectrum avalanching emission across the visible range.
This advancement deepened the understanding of the PA
process and demonstrated the potential of enrePA for appli-
cations in diffraction-unlimited optical sensing, nanolasers, and
optical data storage.

The progression of this research culminated in the develop-
ment of a general cascade MPA mechanism, which achieved
unprecedented optical nonlinearities through the strategic
design of multi-layered nanostructures.”? By incorporating a
Gd*" sublattice as a migrating network, the avalanching energy
initiated within the core could propagate over long distances,
inducing nonlinear optical responses in various emitters
located within the shell layers. This approach enabled extreme
optical nonlinearities up to the 63rd order from Tm>" ions and
the 45th order from other emitters such as Tb>", Eu®**, Dy*",
and Sm** Fig. 6(C and D). The resulting multi-color emissions
facilitated super-resolution microscopic imaging with single-
nanoparticle sensitivity and a lateral resolution of 48 nm using
a single low-power 852 nm excitation beam.

6338 | Nanoscale, 2025,17, 6329-6361

Materials capable of responding to optical stimuli with
high nonlinearity are essential for advancing technologies like
super-resolution imaging and optical data storage. However,
achieving extreme optical nonlinearity beyond a factor of
60 has been a significant challenge due to the complexity of
the PA process, which is influenced by factors such as absorp-
tion cross-sections, CR dynamics, and electron-phonon inter-
actions. To overcome this, Liu et al. significantly enhanced the
optical nonlinearity of NaYF, nanocrystals doped with 15%
Tm*" ions by substituting Y** with Lu®", creating a NaLuF,:Tm
(15%) matrix.”* This structural modification increased the
material’s optical nonlinearity from about 41 to 156, particu-
larly for light emission 805 nm (*H, — *Hg) Fig. 7(A and B).
The enhancement was attributed to crystal field distortions
caused by Lu**, which amplified ESA driven by electric dipole
(ED) transitions while suppressing GSA dominated by mag-
netic dipole (MD) transitions. Additionally, the °F,; levels,
which feed into the *Hy level, showed improved luminescence
efficiency. This substantial boost in nonlinearity positions
Lu**-doped PA nanocrystals as promising candidates for 3D

This journal is © The Royal Society of Chemistry 2025
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(https://doi.org/10.21203/rs.3.rs-4183918/v1).

super-resolution imaging, drastically enhancing lateral and
axial resolutions to 33 nm and 80 nm, respectively. These
advancements set a new benchmark in imaging technology,
enabling much finer detail and greater precision than ever
before. The method is also cost-effective and requires simple
equipment, making it a strong alternative to existing imaging
techniques. Beyond imaging, these nanocrystals can be used
in a variety of applications, including laser technology,” highly
sensitive sensors,'>® and quantum optics,"® offering exciting
possibilities for the future.

There are still many unexplored aspects of ANPs, especially
regarding their consistency in avalanching behavior and sensi-
tivity to factors like environmental conditions, design para-
meters, and variations in nanocrystal structure. To address the
issue of variability in ANPs, Kwock et al. focused on Tm>'-
based ANPs and studied how their design affects the differ-
ences in threshold intensity required for PA.®® Using power-
dependent imaging of single ANPs under CW laser excitation
at 1064 nm, they developed a model to explain why these vari-
ations occur. The researchers observed that different ANP
designs showed varying threshold intensities for PA. By analyz-
ing single-particle imaging data and applying a surface energy
transfer model, they found that differences in the thickness of
the particle shell were the main cause of this variability. This
study highlights how shell thickness influences the optical be-
havior of ANPs, suggesting ways to design nanoparticles with
more consistent properties. These specially tailored ANPs,
which utilize the PA process, could be more sensitive for
environmental sensing applications than traditional UCNPs
that rely on standard energy transfer mechanisms.

However, the optical characteristics of ANPs heavily rely on
host matrices with low-phonon energies, which are crucial for
minimizing multi-phonon relaxation (MPR) and tailoring the
nonlinear response. Among the various host matrices avail-
able, fluoride matrices like f-NaYF, have been extensively used
due to their relatively low phonon energy range
(300-500 cm™')”® compared with alternative matrices like
oxides (500-600 cm™"),”® oxysulfides (~520 ecm™"),”” oxy-fluor-

This journal is © The Royal Society of Chemistry 2025

ide or -chloride (~500 cm™"),”® vanadates (~890 cm™"),”® and
garnets (750-1000 cm™").%° In comparison, halide-based host
matrices, including chlorides, bromides, and iodides, exhibit
even lower phonon energies (120-260 cm™"). However, the syn-
thesis of host matrices with significantly low phonon energies
to minimize nonradiative relaxation and promote nonlinear
response has serious challenges. Addressing this issue, Zhang
et al. displayed a size-controlled synthesized Nd**-doped nano-
crystal using a bromide host matrix (KPb,Brs:Nd>*(16%)).%"
The resulting nanocrystal exhibited ultra-low phonon energies,
reaching as low as 128 cm™'. The remarkably low phonon
energy of the nanocrystal played a crucial role in suppressing
multiphoton relaxation, enhancing luminescence emission
from higher excited states of Nd** ions, and facilitating highly
nonlinear avalanche-like emission in the visible and NIR wave-
length region at 595 nm (*Gy,5/*Gojs = *I115), 810 nm (*Fs, —
"y,) and 910 nm (*F3, — “lo,) along with PA nonlinearity
reaching >11, showing steeply nonlinear PA emission at
810 nm above a threshold of 10 kW ecm™>. These perovskite-
like nanocrystals are stable under high humidity.

Another piece of research has been reported by Chen et al.
that improved PA luminescence and optical nonlinearity in
perovskite-type fluoride matrix KMgF; through the introduc-
tion of lanthanide ions via aliovalent doping.®* Using KHF,
pyrolysis, they synthesized core/shell KMgF; nanoparticles
with tunable sizes and minimal OH™ defects. The utilization
of KHF, precursor not only facilitated the spontaneous for-
mation of KMgF;:Ln>" core/shell nanoparticles but also effec-
tively removed internal OH™ defects from nanoparticles, which
resulted in highly efficient red and green luminescence with
quantum yields of ~3.8% and ~1.1%, respectively, under
980 nm excitation (0.02 kW ¢m™>). KHF, also increased the
energy transfer rate between Ln*' ions, boosting PA lumine-
scence at 802 nm under 1064 nm excitation. The resulting
nanoparticles achieved a substantial nonlinearity up to the
27" order, with a threshold of 16.6 kW cm™2.

Skripka et al. developed low-phonon-energy KPb,Cls nano-
particles doped with Nd** ions (16%) that showed purely
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optical, nonlinear, and bistable luminescence without thermal
contributions.®® These nanoparticles exhibited intrinsic
optical bistability (IOB), which enabled them to switch
between two stable luminescent states: a dark, non-emissive
state and a bright, upconverted emissive state, under a single
1064 nm photoexcitation Fig. 8(A and B). The bistability arose
from positive PA feedback which stabilized the bright state
with a sharp emission at 810 nm with a threshold value of
6.7 kW cm™?, resulting in over 200th-order optical nonlinearity
at 77 K. This behavior is attributed to the suppression of non-
radiative relaxation in Nd*" ions and the PA feedback process
Fig. 8(C and D). Conversely, the dark state is stabilized by non-
radiative quenching. By modulating hysteresis behavior
through adjustments in excitation parameters, such as low-
duty cycles and scan rates, the nanoparticles achieved efficient
luminescence switching and high-contrast optical functional-
ity. This enables their operation as nanoscale optical transis-
tors and holds significant potential for applications in digital
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optical computing,®® neuromorphic circuits,®> imaging, and
photonic technologies.**® Their low-phonon-energy compo-
sition further enhances their stability and performance,
enabling integration with telecommunication systems and
advanced photonic platforms,®”®® offering a promising foun-
dation for next-generation optical logic and computing
solutions.

The ability to achieve the PA effect at the nanoscale has
great potential for various applications, such as sub-diffraction
imaging,* nano thermometry,” and the development of nano-
and micro-laser.” To fully harness the benefits of PA effects
and customize them for specific needs, it is crucial to conduct
comprehensive research to understand the chemical and
physical factors influencing PA behavior. A recent study by
Dudek et al. focused on investigating these factors at three
different length scales: avalanching nano, micro, and bulk
crystals doped with 3% or 8% of Tm>*" ions®® Fig. 9(A). The
researchers used experimental and theoretical modeling
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Fig. 8 PAin ANPs. (A) A schematic illustration of bistable luminescence in ANPs, showing a switch from a dark state to a bright state under 1064 nm
excitation. (B) The energy landscape of ANPs at various pump intensities: the dark state (1) is stabilized by non-radiative quenching, while the bright
state (3) is maintained by a positive feedback loop, leading to PA with an extreme nonlinear response exceeding 200th-order at 77 K (C) and sharp
luminescence peak at 810 nm corresponding to the (*Fs;» — “lg;») transition (D). Reproduced with permission from ref. 83. Copyright 2024, arXiv

(https://doi.org/10.48550/arXiv.2403.04098).
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Fig. 9 Size-dependent PA. (A) Cartoon images showing the morphology of cANP, csANP, uAP, and bAC doped with 3% of Tm>* ion (top) and 8% of
Tm** (Bottom). Based on the average dimensions of the nanocrystals, the thickness of the shell is 3.1 and 2 nm in width and 3.8 and 2.4 nm in
length, for 3% Tm>* and 8% Tm>*-doped csANPs, respectively. (B) Comparison of pump power-dependent PA emission intensity (graph 1), PA slopes
(graph 2), and PA gains (graph 3) at 800 nm for the 8% and 3% Tm>*-doped materials cANP, csANP, YAP, and bAC. Reproduced with permission

from ref. 68. Copyright 2022, John Wiley and Sons.

approaches to analyze the PA effect. They observed highly non-
linear PA emission of Tm®" ion at 475 nm and 800 nm when
excited with a 1064 nm wavelength in all avalanching
materials. Interestingly, the order of optical nonlinearity was
found to be greater than 12 in avalanching core-shell nano-
particles, compared with avalanching micro (S = 8.9) and bulk
crystals (S = 5.9) Fig. 9(B). This suggests that the nano-sized
core-shell nanoparticles exhibited the highest order of optical
nonlinearity among the three materials. Furthermore, the pro-
perties of the PA process, such as optical nonlinearity, PA gain,
PA intensity, and luminescence kinetics, showed a dependence
on the crystal volume and surface quenching.

3. Emerging sub-diffraction imaging
applications of ANPs

ANPs have received a lot of attention lately because of their dis-
tinctive characteristics, such as remarkable nonlinear
efficiency, the ability to emit light with an anti-Stokes shift, to
reduce signal-to-noise ratios, and background noise in
imaging and sensing applications. Additionally, ANPs exhibit
resistance to photobleaching and photoblinking, ensuring
their longevity and reliability compared with other fluorescent
probes. Moreover, their unique ability to penetrate deep into
tissues and their photostability and biocompatibility have
opened new avenues for applications in deep-tissue imaging. A
standout feature of ANPs is their intrinsic forbidden tran-
sitions within the 4f states, resulting in prolonged lifetimes of

This journal is © The Royal Society of Chemistry 2025

excited energy levels. This characteristic allows for tunable life-
times, facilitating optical imaging with exceptional spatiotem-
poral resolution, making it an ideal tool for temporal domain
imaging. In this section, we delve into the fascinating world of
optical imaging techniques utilizing avalanche nanomaterials,
transcending the boundaries of super-resolution imaging,
including STED, STORM, SIM, SMLM, PALM, MINFLUX, and
extending to the realms of deep tissue imaging and lifetime
imaging, as well as single-particle imaging and tracking.
Through this exploration, we aim to shed light on the remark-
able capabilities and immense potential of ANPs in revolutio-
nizing the field of optical imaging.

3.1. Single-particle super-resolution imaging

Super-resolution imaging is a revolutionary technique that sur-
passes the limits of diffraction of traditional microscope tech-
niques and enables the investigation of biological structures
and processes in unprecedented detail.**°' Conventional
microscopy such as confocal laser microscopy has been widely
utilized in fluorescence microscopy due to its non-contact,
non-invasive nature, and high specificity, making it an excel-
lent tool for visualizing specific biological molecules and their
interactions in life science research. However, its resolution
has historically been limited by the diffraction of light, which
imposes a resolution limit of approximately half the wave-
length of the light employed in imaging.”>°® However, recent
breakthroughs in super-resolution modalities that operate
beyond this diffraction limit, such as Stimulated emission
depletion (STED) microscopy,®*® Photoactivated localization
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Table 3 Comparison of ANPs with other fluorescent probes based on key performance metrics, advantages, limitations, and typical applications

Excitation Signal-to- Emission Background Cost and
Material threshold noise ratio Photostability efficiency interference Applications synthesis Ref.
Fluorescent Low Moderate Poor Moderate High Live-cell imaging Low-cost, 102
proteins easy
Traditional Moderate Moderate Good High Moderate Bioimaging, lasers Moderate, 103
UCNPs complex
Organic dyes Low Low Poor Moderate High Bioimaging FRET Low-cost, 104
simple and
105
QDs Moderate Moderate Moderate High Moderate Bioimaging, displays  Expensive, 106
simple
ANPs High Very high Excellent High Low Super-resolution Expensive, 107
imaging, deep-tissue ~ complex
imaging
microscopy (PALM),””*®  Stochastic optical reconstruction single pair of excitation and depletion beams, and successfully
microscopy (STORM),” Structured illumination (SIM),'” and imaged immunostained cytoskeleton structures in fixed cells,

Single-molecule localization microscopy (SMLM)'" have shat-
tered these limitations, allowing us to delve into the realm of
nanoscale imaging. Conventionally, super-resolution modalities
heavily rely on fluorescent proteins, QDs, several organic mole-
cular dyes, and conventional UCNPs."*>'% These reporters have
several limitations regarding brightness, toxicity, and photostabil-
ity within the cellular environment (Table 3). However, a recent
and exciting development lies in the use of lanthanide-doped
ANPs as a promising alternative for super-resolution imaging
because they exhibit intense light in deep-UV-to-Vis and NIR
regions at relatively low excitation NIR light, owing to the
induced positive optical feedback system in each nanocrystal.
This enables the experimental realization of photon-avalanche
super-resolution imaging with sub-nanometer spatial resolution,
surpassing the diffraction barrier originally described by Ernst
Abbe. Also, ANPs possess excellent photostability, resist photo-
bleaching, and experience minimal scattering."””

A pioneering study by Liu et al. introduced the concept of
the pre-avalanching phenomenon using 8% Tm’'-doped
UCNPs for sub-diffraction imaging, offering a groundbreaking
approach for super-resolution nanoscopy.'°® Their innovative
dual-laser confocal system employed a 980 nm excitation beam
which established the population inversion between the inter-
mediate (*H,) state and ground (*Hg) state of Tm*"* ions, trig-
gering a PA-like effect. By illuminating the nanoparticles with
a depletion beam at 808 nm, matching the upconversion band
of the ®*H, — *Hj transition, they induced amplified stimulated
emission and achieved remarkable single-nanoparticle detec-
tion at 28 nm resolution, which is the 1/36™ power of the wave-
length. This simplified optical layout surpassed previous
methods based on traditional upconverting nanomaterials. In
contrast, another interesting investigation has been reported
by Zhan et al., who introduced highly efficient optical emission
depletion nanoscopy by assisting CR in NaYF, nanoparticles
doped with a substantial 10% concentration of Tm>" which
substantially reduced the laser intensity needed for optical
depletion emission.'”® Leveraging this emission
depletion technique, they achieved two-color super-resolution
imaging with a remarkable resolution of 66 nm using only a

novel
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achieving a lateral resolution of approximately 82 nm. On the
other hand, Li et al. investigated silica-coated Ga(m)-doped ZnO:
Yb**,Tm*" nanoparticles for high-resolution in vivo imaging of
myocardial tissue in the NIR region."'® As an activator, Tm** ions
emitted 830 nm in the NIR region under a 980 nm laser source.
Intravenous injection of 6 mg kg™ silica-coated Tm** nano-
particles in myocardial tissue produced a red NIR fluorescence
image with strong brightness and showed no observable lesions,
abnormalities, or signs of toxicity even after 7 days. The silica
shell-coated nanoparticles effectively mitigated concentration
quenching and amplified the NIR emission intensity of particles,
exhibiting a highly nonlinear response to increasing density
powers. This phenomenon indicated the occurrence of PA of
Tm’', resulting in a remarkable over 12-fold enhancement in
NIR luminescence intensity compared with conventional UCNPs.
These findings underscored the promising potential of Yb/Tm/
GZO@Si0, nanoparticles for bioimaging applications, with the
silica shell coating notably enhancing the biocompatibility of the
nanoparticles.

However, Lee et al. successfully demonstrated single-par-
ticle imaging of ANPs,”> using the recently proposed PASSI
concept by Bednarkiewicz et al.”® This method takes advantage
of the extreme nonlinear response of PA to achieve a spatial
resolution of less than 70 nm using standard scanning con-
focal microscopy (SCM), without requiring any computational
processing. In SCM, the resolution depends on the order of
nonlinearity S of the emitter, following an inverse square root
relationship similar to multiphoton microscopy. The resolu-
tion, expressed as the full-width at half-maximum (FWHM) of
the imaging point, can be estimated using the formula:

FWHM = J/(2NA+/S) (1)
where 1 is the light’s wavelength, and NA is the numerical
aperture of the objective lens. This means ANPs can provide
extremely high resolution automatically during standard SCM,
without needing specialized equipment, beam shaping, image
corrections, or alignment procedures. Thus, in this study,
imaging of single ANPs achieved a resolution (spot size) of

This journal is © The Royal Society of Chemistry 2025
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75 nm or less when excited at a wavelength of 1064 nano-
meters with optimal intensity Fig. 10(A and B). For ANPs
doped with 8% Tm®" ions and a nonlinearity S = 26, the
FWHM of the short axis of the spot was 65 + 7 nm, and the
long axis was 81 + 9 nm. The slightly elliptical shape of the
spot was due to the shape of the excitation beam Fig. 10(B).
These results matched well with theoretical predictions and
simulations Fig. 10(D-F). When the excitation intensity was
closer to the saturation regime, where S was lower, the spot
size increased to about 220 nm, as shown in Fig. 10(A and D).
The theoretical limit for a system with S = 26 is calculated to
be 70 nm, which agrees closely with the experimental results.
These findings highlight the potential of ANPs for applications
in super-resolution imaging and local environmental, optical,
and chemical sensing.

Moreover, Liang et al. and Wu et al. have contributed sig-
nificantly to the development of Migrating Photon-Avalanche
super-resolution nanoscopy, a powerful low-power imaging
technique that utilizes a single NIR CW laser for super-resolu-
tion imaging of single nanoparticles.>”* Liang et al. demon-
strated the use of a standard multiphoton microscope inte-
grated with an 852 nm CW laser beam Fig. 11(A) to achieve a
lateral resolution of 62 nm, (approximately 4/14), at a low exci-
tation intensity of 76 kW cm™>, while maintaining excellent
photostability® Fig. 11(B-J). A notable advantage of this
method is the rapid response time of MPA nanoparticles,

View Article Online
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enabling fast laser scanning and practical imaging over large
fields of view. The researchers also successfully imaged subcel-
lular actin filaments in HeLa cells by labeling them with MPA
nanoparticles conjugated with phalloidin molecules. This
approach revealed intricate details of the actin fibers with a
resolution of 71 nm Fig. 11(K-O). The low-power 852 nm exci-
tation beam, falling within the biological transparency range,
minimized heating effects, making the technique highly suit-
able for in vitro bioimaging applications.

Building on this, Wu et al. reported multi-color cascade
Migrating Photon-Avalanche super-resolution microscopy,
which achieved imaging of single MPA core/shell nanoparticles
doped with various emitter ions” (Pr**, Tm’", Tb*", Eu*",
Dy’"). This technique demonstrated sub-nanometer resolution
under a single 852 nm CW excitation beam, showcasing excep-
tional sensitivity and resistance to photobleaching. At the
452 nm emission of Tm*" ions, a lateral resolution of 48 nm
(A/17) was achieved at an excitation intensity of 320 kW cm™>
Fig. 11(P(a)). In comparison, a diffraction-limited resolution of
225 nm was observed at a high-power laser intensity of
1403 kW cm™?, signifying a five-fold improvement in Fig. 11
(P(b)). Similarly, imaging at 605 nm emission from Pr** jons
showed a three-fold improvement in lateral resolution of 81
and 230 nm Fig. 11(R(a and b)), further confirming that the
higher nonlinearity order of PA in Tm*" ions contributed to
the superior resolution. Together, these studies underscore the
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Fig. 10 Photon-avalanche single-beam super-resolution imaging. (A) Single-ANP images excited under 1064 nm pump intensity at 9.9 kW cm~2 (B)
at 7.1 kW cm™2. (C) Line cuts corresponding to the blue lines in panels (A) and (B), along with a line cut through a theoretically diffraction-limited
Gaussian focal spot. (D and E) ANP images are based on theoretical modeling under the same excitation wavelength and power intensities. (F)
Comparison of measured (black) and simulated (red) FWHMs of single-ANP PASSI images across different excitation intensities. Reproduced with

permission from ref. 2. Copyright 2021, Springer Nature.
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Fig. 11 Migrating photon avalanche super-resolution nanoscopy. (A) Schematic illustration of confocal laser scanning microscope coupled with single CW
852 nm laser beam. OL represents 100x NA = 1.45 oil-immersed objective lens; PMT represents Photomultiplier tube, DM represents 690 nm short-pass
dichroic mirror; F1 represents 850/10 nm band-pass filter; F2 represents 694 nm short-pass filter; F3 represents 665 nm short-pass filter; SMF represents
Single-mode fiber. (B and C) Single-particle imaging of 26 nm MPA at 828 kW cm™ over the threshold (B), and at 76 kW cm™ close to the PA region (C).
(D-1) Magnified images of individual nanoparticles marked by white-colored box, at excitation powers (828, 218, and 76 kW cm™2). (J) Line profile analyses
of areas marked by dashed lines in (D) and (F), revealed 62 nm lateral resolution at 76 kW cm™2 excitation power. (K-L) Imaging of actin filaments of Hela
cells immunolabelled with phalloidin-conjugated nanoprobes. (M—N) Magnified images of the white-colored box in (K) and (L). (O) Line profile analyses of
the dashed line in (M) and (N). Reproduced with permission from ref. 3. Copyright 2022, Springer Nature. (P) Single-particle imaging of Tm>*-doped MPA at
1403 kW cm™2 (a) and 320 kW cm™2 (b), revealing 48 nm resolution. (R) Single-particle imaging of Pr**-doped MPA at 1403 kW cm™ (a) and 320 kW cm™2
(b), revealing 81 nm resolution. MPA represents Migrating Photon Avalanche. Reproduced with permission from ref. 73. Copyright 2024, SPIE Digital Library.
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potential of MPA super-resolution microscopy for high-resolu-
tion, low-power imaging, offering unparalleled advantages
such as enhanced photostability, multi-color imaging capa-
bility, and minimal heating effects for practical applications.
In a subsequent study, Lee et al. presented a groundbreak-
ing advancement in super-resolution imaging.” They success-
fully employed indefinite NIR Photon-Avalanche localization
microscopy (INPALM) to achieve sub-A localization super-
resolution imaging of photoswitched Tm>*"-doped ANPs as well
as their cluster where three ANPs are tightly packed. Unlike
single-molecule localization microscopy (SMLM), the accuracy
of IN-PALM is not constrained by the limited number of
photons collected before photobleaching. This is due to the
active control of the emitting ANP concentration, which is
maintained at a very low level. By ensuring that only a subset
of probes emits photons at any given time, non-overlapping
point spread functions are achieved, enabling precise centroid
fitting, and significantly enhancing localization accuracy. A
distinguishing feature of IN-PALM is the reversible photo-
switching of ANPs. Unlike SMLM methods that suffer from
irreversible photobleaching, ANPs can be repeatedly brigh-
tened and darkened at 1064 nm and 400-840 nm, respectively.
This capability greatly expands the number of collected
photons (1.33 x 10® approx) without signs of degradation,
leading to substantial improvements in localization accuracy.
Leveraging the power of IN-PALM, the researchers achieved
impressive results. The researchers observed a single ANP
image with localization accuracy <1 A, surpassing the diffrac-

A

Fig. 12
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tion limit. Furthermore, they successfully obtained diffraction-
limited images at sub-A localization super-resolution of ANP
clusters through iterative photoswitching cycles that allowed
them to discern three separate nanoparticles inside densely
packed clusters Fig. 12(A and B).

Researchers have made significant progress in surpassing
the diffraction limit of light in two dimensions (2D) using
techniques like standard confocal laser microscopy,”*® multi-
photon microscopy,® or PA-based microscopy”*® coupled with
single or dual beams, achieving resolutions as small as sub-
nanometer. However, breaking the diffraction limit in three
dimensions (3D) remains a challenge. Improving 3D imaging
resolution requires enhancing both axial (depth) and lateral
(side-to-side) resolution beyond the limits defined by the
FWHM of the PSF. To address this, Liu et al. introduced a
method called mirror-assisted self-interference field excitation
(SIEx), a highly nonlinear super-resolution microscopy tech-
nique."™ This approach allows for isotropic 3D imaging using
just a single objective lens and one laser beam. The technique
uses a mirror to create self-interference during excitation, gen-
erating a spherical focal spot for precise imaging Fig. 13(A). In
experiments, researchers used giant nonlinear respond (S =
33) ANPs as fluorophores and an 852 nm CW, NIR laser beam
(19 kW cm™?). This setup achieved a remarkable 3D imaging
resolution of 54 nm laterally and 57 nm axially (both around 4/
15) Fig. 13(B-E). The team extended the applicability of this
technique to biological imaging, achieving super-resolution
imaging of immunolabeled actin filaments (50-150 nm) of

—
15nm Localization accuracy < 1 A

Localization accuracy < 3A

Indefinite NIR photon-avalanche localization microscopy. (A) Imaging of single-ANPs and (B) imaging of its cluster using the IN-PALM

method. Reproduced with permission from ref. 4. Copyright 2023, Springer Nature.
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Simple setup for SIEx nanoscopy
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Fig. 13 Self-interference field excitation (SIEx) super-resolution nanoscopy. (A) Schematic illustration of conventional confocal laser scanning
microscope coupled with low-power, single CW 852 nm laser beam. OL represents 100x NA = 1.45 oil-immersion objective lens; PMT represents
Photomultiplier tube, DM represents 690 nm short-pass dichroic mirror; F1 represents 850/10 nm band-pass filter; F2 represents 665 nm short-pass
filter; F3 represents 665 nm short-pass filter; SMF represents single-mode fiber. (B) Imaging of single ANP distributed on a silver mirror in (A) under
an 852 nm excitation beam above the PA threshold. (C and D) Magnified images and resolution of single ANP marked by white square box in (B)
employing SIEx technique under an excitation intensity power of 19 kW cm™2 exhibiting resolution of 54 nm laterally (C) and 57 nm axially (D). (E)
Corresponding 3D z-stack showing the PSF of a single ANP in 3D space. Reproduced with permission from ref. 111. Copyright 2024, Optica

Publishing Group.

BSC-1 cells. Using phalloidin-conjugated ANPs, they obtained
a lateral resolution of 67 nm and an axial resolution of 71 nm,
(both less than 4/13) Fig. 14(A-I). Integrating the SIEx method
with modern 3D biological imaging techniques could enable
higher-resolution imaging while using lower power and
simpler equipment, making it a valuable tool for advancing
life science research and light microscopy applications. In the
future, combining SIEx with advanced cellular labeling
and bioconjugation methods'>™"'* could further enhance its
applications. The photostability, minimal autofluorescence,
and high optical nonlinearity of ANPs make them an invalu-
able tool for studying membranes and other biological
structures.

3.2. Deep-tissue imaging

Deep-tissue imaging involves employing optical imaging
methods to observe the inner workings and structures of living
tissue, including organs and tumors, situated at significant
depths."" This is accomplished by utilizing imaging modal-
ities capable of penetrating biological tissue. In recent times,
optical imaging utilizing NIR light has emerged as a highly
promising technique for visualizing biological processes
within deep tissue. The low energy levels of NIR radiation and

6346 | Nanoscale, 2025, 17, 6329-6361

its limited tendency to induce autofluorescence make it an
ideal choice for such imaging applications.'*® In contrast to
visible light, the low scattering and absorption of NIR photons
by typical tissues enable imaging of micron-scale features
through millimeters of a sample. Most of the recent explora-
tion of NIR imaging has focused on the NIR-II window: the
1000-1400 nm region of the spectrum that exhibits high trans-
mission in tissue. In this regard, lanthanide-doped nano-
materials hold promise as effective probes for deep imaging
due to their stable emission in the visible and NIR
regions."””''® However, these materials face limitations in
efficiently absorbing NIR-II wavelengths because of the lack of
lanthanide GSA transition in this range. So, to overcome this
problem, Levy et al. introduced a new class of materials, so-
called energy-looping nanoparticles (ELNPs), that induced the
PA effect under non-resonant 1064 nm photoexcitation with
ESA, rather than GSA.*’ This looping process occurred in
NaYF, energy-looping particles doped with 20% of Yb®" (sensi-
tizer) and 0.5% of Tm>" (activator) that emitted emission at
800 nm Fig. 15(A). By employing this gentle excitation
approach in conjunction with standard confocal microscopy,
the researchers successfully imaged ELNPs within live mam-
malian cells and mouse brain tissue without interference from

This journal is © The Royal Society of Chemistry 2025
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Fig. 14 3D super-resolution imaging of immunolabelled actin filaments of BSC-1 cells with phalloidin-conjugated ANPs on a silver mirror by
employing a SIEx setup. (A) Imaging of filaments under an 852 nm CW NIR excitation beam. (B—D) Magnified views of filaments marked by white
square box in (A) under different excitation power intensities of 1169 kW cm™2, 82 kW cm™2, and 35 kW cm™2. (E-G) Axial views of corresponding
views in (B—D) under the same excitation power intensities. (H and 1) Corresponding lateral and axial Line intensity profiles of the features in (B—G).
Reproduced with permission from ref. 111. Copyright 2024, Optica Publishing Group.

autofluorescence. Impressively, the imaging depths reached
1 mm, while the achieved feature sizes of 2 pm were compar-
able to those achieved using state-of-the-art multiphoton tech-
niques Fig. 15(B-D). These results highlight the potential of
ELNPs as a promising class of NIR probes for precise visualiza-
tion in cells and tissues. Introducing an energy migration
lattice in a nanoparticle can tune the lifetime of upconversion
emissions. The NaYF,@NaYbF,@NaYF,:Yb/Tm@NaYF, nano-
particles exhibit tunable lifetimes by modifying the thick-
nesses of the energy migration layer and Yb*" concentration in
the energy transfer upconversion region for in vivo upconver-
sion imaging. This method also offers a solution for the life-
time tuning of down-shifting emissions, as evidenced in the
ability of core-multishell nanoparticles to carry identifiable
codes in the time domain to quantitatively realize cancer diag-
nostics in living mice, which outperforms conventional
methods. Temporal coding also enables deciphering through a
scattering medium, as shown in the NaYF,:Yb/
Er@NaYbF,@NaYF,@NaYF,:Nd nanostructure. Here, the inert
NaYF, interlayer impedes energy crosstalk from Nd** to Yb**
under 808 nm excitation. Wavelength and lifetime binary
encoding were also demonstrated. Tm’'-sensitized nano-
particles with NIR-II excitation and emission provide a new
transplantable multiplexing encoding perspective for in vivo
deep-tissue imaging.

This journal is © The Royal Society of Chemistry 2025

4. Emerging optical applications of
ANPs

PA materials have unequivocally showcased their remarkable
potential in the realm of optical applications. Their integration
with targeted nanoplatforms has further solidified the vast
prospects of photon upconversion in nanophotonics. This
section delves into noteworthy advancements in luminescence
thermometry, ANP-based lasers, mesmerizing full-color 3D
volumetric displays, cutting-edge information storage tech-
niques, impregnable information security measures, and inno-
vative anti-counterfeiting solutions—these groundbreaking
developments offer fresh perspectives and unveil exciting pos-
sibilities in the realm of emerging photonic applications.

4.1. Luminescence thermometry

Temperature, a fundamental property in various scientific dis-
ciplines, often necessitates reliable thermometers for accurate
monitoring."*>"*" The development of effective thermometers
is crucial, particularly in challenging environments character-
ized by aggressive media composition, electromagnetic inter-
ference, limited access, or compact size.'**'** Luminescent
probes have emerged as a promising approach for meeting
these requirements, as they enable temperature measurements
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Fig. 15 Application of ELNPs in deep-tissue imaging. (A) A proposed looping mechanism of Tm3*-doped NaYF, emitting 800 nm upon 1064 nm
(10° W cm™2) non-resonant photoexcitation. (B) Confocal imaging of live HelLa cells after treatment with 1.5% Tm>* ELNPs. Bright-field (left), lumine-
scence integrated between 740 nm and 870 nm (right). (C and D) Deep-tissue imaging of mouse brain slice through ELNPs. Representative mouse
brain slice through which ELNP beads were imaged (C). Bright-field and confocal luminescence images of Tm>*-doped ELNP beads imaged through
0, 0.5, and 1 mm-thick brain slices upon 1064 nm excitation (10 W cm™2) (D). Reproduced with permission from ref. 37. Copyright 2016, American

Chemical Society.

without the need for direct contact and can operate in diverse
chemical environments. In luminescence thermometry, a well-
recognized parameter is relative sensitivity (Sg), which is quan-
tified using the following formula:

Sg = AA/AT x 1/ (2)

Here, A/ represents the change of wavelength of the lumines-
cent probe per temperature interval AT, A denotes the initial wave-
length, and Relative sensitivity provides an essential measure of
the probe’s responsiveness to temperature variations.

6348 | Nanoscale, 2025, 17, 6329-6361

Several fluorescent materials have been employed in
luminescence thermometry, including organic fluorescent
dyes, polymer compounds, quantum dots, carbon nano-struc-
tures, and conventional lanthanide-doped inorganic nano/or
micro materials."**™**° Of these, lanthanide-doped ANPs are
among the most likely candidates for thermal sensing owing
to their enormous optical nonlinearity with low excitation
power, non-contact measurement, compatibility with different
chemical environments, and the ability to monitor tempera-
ture remotely. These attributes make ANP-based thermometers

This journal is © The Royal Society of Chemistry 2025
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particularly useful in applications where direct physical contact is
impractical or undesirable.” However, the complexity introduced
by the PA process complicates measurement and interpretation
compared with traditional techniques ie. simple luminescence
intensity ratio (LIR), demanding sophisticated instrumentation
and data analysis methods. ANP-based temperature sensing is
also susceptible to influences beyond temperature, such as exci-
tation intensity and nanoparticle aggregation, potentially under-
mining measurement accuracy. Moreover, the narrow operating
range and sensitivity dependence on temperature may limit
ANPs’ suitability for niche applications where stability and repro-
ducibility are paramount. Addressing these challenges requires
robust calibration methods, improved nanoparticle stability, inte-
gration with advanced data analysis techniques, and exploration
of alternative sensing strategies.® Despite these hurdles, ANPs
hold promise for revolutionizing temperature sensing in diverse
applications, driving ongoing research efforts to overcome their
limitations.

In recent times, different methodologies have been devel-
oped for the temperature readout process or 2D/3D mapping
including the absolute intensity of a single emission band
(ABS), the ratio of single band emission intensity excited with
two wavelengths (SBR)/or the ratio of two excited bands
obtained using single emission band (EIR), and the ratio of
two luminescent intensities obtain using one excitation wave-
length (LIR)"**""** Fig. 16. These methodologies focus on the
luminescence of a pair of energetically connected levels which
are closely spaced with an energy difference below 2000 cm™".
This proximity ensures a strong likelihood of nonradiative
transitions between the two levels. Additionally, the higher
energy level must display a significantly higher emission inten-
sity compared with the background noise within the relevant
temperature range.

Excitation -

Emission -’
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In the field of luminescence nano thermometry, Marciniak
et al. presented the first study utilizing the pre-avalanche
energy looping-like behavior in Nd** ions doped nano-
materials such as NaYF,, Y,0;, YGdOj;, YAlIO;, Y3Al;0,,,
LiLaP,0,,, and Gd,O; under non-resonant 1064 nm NIR
photoexcitation for luminescence thermometry.'*> Because of
the energy looping amplification process, the observed ava-
lanche-like NIR emission at 808 nm was very strong, which the
authors emphasized by describing it as room temperature ava-
lanche-like behavior. It was demonstrated that this excitation
method exhibits a threshold value of excitation power and
temperature. The authors explained that the first excited level
from which the ESA occurs exhibits thermal coupling to the
ground level according to the Boltzmann distribution rule,
despite the energy distance between them reaching as high as
1900 cm™~". However, even despite the very small population of
this level, the amplification processes occurring, in this case,
were related to the occurrence of CR from “Fy,, ‘Io,, < “I;5),
M52 transition. Consequently, this contributed jointly with
non-radiative multi-phonon relaxation from the higher *I;5,,
and ‘I3, levels to increase the occupancy of the Iy, level,
and thus the observed emission was recordable even at low
temperatures. As the temperature rose, there was an observed
augmentation in the emission intensity of the Nd** ions,
allowing them to reach an Sy above 5% K at temperatures
below 325 K. Interestingly, for the various materials tested, a
correlation between the Si (at 310 K) and the minimum energy
gap between the sublevels of the ground- and 1,1/, states was
detected. A theoretical model of the system of rate equations
was also presented, which predicted the thermal dependence
of the rise times observed in this type of system. Based on this,
a unique measurement method was proposed to study the
half-time before the saturation intensity was reached. It was

2 erm Lowvj’emp‘

High Temp.

Fig. 16 Methods applied in luminescence thermometry to measure the temperature: ABS = absolute intensity of a single emission ban, SBR = ratio
of the intensity of a single emission band excited with two wavelengths/or EIR = ratio of the intensity of two excitation bands obtained when moni-
toring a single emission band, and LIR = ratio of the intensity of two emission bands obtained using a single excitation wavelength.

This journal is © The Royal Society of Chemistry 2025
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shown that this parameter is a function of temperature and
that the implementation of a method to measure it can be very
uncomplicated and inexpensive. Since the best results were
achieved for LiLaP,0,,:Nd**, it was concluded that together
with the proposed novel measurement method, it is a promis-
ing phosphor for spot measurements or temperature mapping
for applications in biological conditions.

Another publication also reporting energy-looping behavior
using the Single emission band intensity ratio (SBR) method-
ology was presented by Trejgis et al.,, who reported SBR-type
thermometer-based Nd**-doped LaPO, nanoparticles for the
first time.'*® Both the excitation and the emission in this
experiment were under the NIR region. This was an extension
of the sole earlier paper on pre-avalanche energy looping-
based thermometry using Nd** ions, which was presented by
Marciniak et al;'*® however, in that case, only the absolute
intensity of a single band emission was analyzed. But, in this
work, the authors described the use of two excitation wave-
lengths at 808 nm and 1064 nm, matching the GSA associated
with the “I,, — *Fs), transition and the ESA associated with
the “I;;, — *F;, transition, respectively. The experiment
revealed a thermally activated enhancement in luminescence
intensity at around 890 nm with excitation matching the GSA.
Similarly, a thermal increase in intensity was observed at
1064 nm with non-resonant ESA. Transitions from higher
emissive levels thermally coupled to the “Fj, level were also
observed above certain temperatures. Significant enhancement
in emission intensity gain was recorded for all ESA-excited
emission bands, particularly with higher concentrations of
Nd*" ions due to CR effects. The study achieved a high sensi-
tivity ratio (SR) reaching up to 7% K" at 303 K using the SBR
approach, which decreased with increasing temperature.
Another method presented achieved an SR higher than 2%
K™, involving monitoring two different bands using two
different excitations. By combining these methods, an SR
higher than 2% K~ was demonstrated for the entire tempera-
ture range studied (273 K to 573 K).

In a recent study, Korczak et al. experimentally investigated
the impact of temperature (—175 °C to 175 °C) on 15% Yb>'/
0.5% Pr** co-doped NaYF, core/shell ANPs,” emitting light at
607 nm and 482 nm corresponding to transitions from the *P,
— *H, and *P, — *H,, respectively, under 852 nm pumping
wavelength at an intensity of 1.5 mW cm™> Fig. 17(A). Unlike
in those previous SBR-based thermometry studies, the authors
demonstrated that all the significant variations of the PA non-
linearity (S = 4.5-9), PA gain (from 50 up to 175), and PA
threshold (from 100 to 700 kW c¢m™?) were observed under
temperature rise from —175 °C to 175 °C, respectively Fig. 17
(B). This approach assured relative temperature sensitivity
above 0.5% °C™". Simultaneously, with increasing temperature,
the emission intensity at 482 nm and 607 nm decreased sig-
nificantly up to four orders of magnitude for selected exci-
tation powers. Based on such substantial variations in the
intensity of a particular emission band, the corresponding
temperature relative sensitivity was calculated and the
maximum value of 7.5% °C~" was obtained at 0 °C. These
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relationships not only confirm the suitability of such an
approach for luminescence thermometry but also evidence a
complex set of coexisting phenomena that drive PA emission.
The presented results not only enhance knowledge of funda-
mental mechanisms and the sensitivity of the sensitized PA
emission to temperature changes but also show the possibility
of using PA materials as sensitive nanothermometers. Besides
this prediction, temperature also affects the internal processes
that occur within and between dopant ions in PA behavior. For
the proof of concept, Szalkowski et al. predicted the impact of
temperature on energy gap-dependent multi-phonon relax-
ation and inter-ionic energy transfer processes in PA behavior
in Tm**-doped NaYF, ANPs."*” Based on the DRE simulation
results, significant sensitivity of PA emission to temperature
was found with relative temperature sensitivities around 40%
K™' above 375 K, which additionally was dependent on exci-
tation intensity. Furthermore, when the temperature depen-
dencies of the specific processes contributing to the PA effect
were eliminated, the researchers discovered that the tempera-
ture dependence of the multi-phonon relaxation from the
intermediate *F, state to the ground state played the most sig-
nificant role in driving the simulated temperature dependence
of PA emission. This process was observed to have a greater
impact compared to the temperature dependencies of energy
looping and non-resonant absorption, which is phonon-
assisted in a ground state.

Luz et al. explored the behavior of NdAl;(BO;), particles
and investigated the possibility of optical switching within a
PA mechanism using an auxiliary beam at 808 nm.° Initially,
the particles were subjected to non-resonant ESA by a 1064 nm
excitation laser beam with an excitation power intensity of
1.5 W, which was below the threshold power for excitation.
Interestingly, they observed a significant increase in photo-
luminescence at a specific excitation threshold power, indicat-
ing the onset of a PA-like phenomenon. To further explore this
behavior, the authors activated the auxiliary beam at 808 nm
to optically switch the PA-like mechanism associated with the
1064 nm excitation. Remarkably, they observed a sudden onset
of intense emissions at shorter wavelengths (690 nm, 660 nm,
600 nm) when the power intensity of the 808 nm beam was
increased from 10 mW to 120 mW. This phenomenon was
attributed to an increase in the population of the I, level
within the particles. This population increase was facilitated
by processes such as phonon emission (*Fs;, *Hop = *Fap),
multi-phonon relaxations (*Fs;, = “I;52), and CR between two
Nd** ions (*Fs2, *Iojz = *L152, *L1552). Furthermore, the auxiliary
beam served as an additional heating source, raising the temp-
erature of the particles beyond what was achieved by solely
exciting the Nd*" ions at 1064 nm Fig. 17(C and D). This
additional heating contributed to the observed behavior, indi-
cating a complex interplay between optical excitation, popu-
lation dynamics, and temperature effects within the
particles. This study is of fundamental importance for under-
standing PA phenomena and has potential applications in
optical thermometry,"”® and light-to-heat conversion as nano
heaters."*®

This journal is © The Royal Society of Chemistry 2025
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Fig. 17 ANPs in luminescence thermometry. (A) A proposed PA mechanism of core—shell avalanching nanoparticles under 852 non-resonant
photoexcitation at room temperature (top) and their emission spectra at different emitting wavelengths corresponding to their transition states
(bottom). Radiative and nonradiative transitions are indicated by solid and dotted lines, respectively. Multi-phonon relaxation procedures or phonon-
assisted energy transfer processes are indicated by wavy arrows. (B) Temperature, and power-dependence characterization of the PA emission in
NaYF,:15%Yb>*,0.5%Pr**@NaYF, under 852 nm excitation. The top and bottom rows correspond to the orange color emission band at 607 nm and
the blue color emission band at 482 nm, respectively, and reveal pump power dependence of PA emission intensity for various temperatures, the
highest PA nonlinearities (S = 4.5-9), maximal PA gain at the excitation intensity corresponding to the highest nonlinearity, as well as demonstrate
PA threshold at various temperatures. Reproduced with permission from ref. 5. Copyright 2023, AIP Publishing. (C) Excitation power-dependent
luminescence of NdAlz(BO3),; photoswitched ANPs under non-resonant excitation at 1064 nm (left) and under resonant excitation at 808 nm,
respectively. (D) Optical switching on the PA-like mechanism by the auxiliary beam at 808 nm with different excitation power intensities 10 mW (A),
20 mW (B), 80 mW (C), and 120 mW (D) exhibiting the emergence of strong emissions which characterizes the onset of the PA-like mechanism (Top)
boosting the phonon emissions in the relaxation pathways of the Nd**, which is consistent with the particle temperature increase after excitation at
808 nm (right). Reproduced with permission from ref. 6. Copyright 2023, Optica Publishing Group.

4.2. ANP-based lasers

Laser technology has permeated diverse domains, spanning
data storage, remote sensing, disease therapeutics, and photo-
chemical processes.'*® The core principle of laser operation
lies in the amplification of light through stimulated emission
of radiation, necessitating an active medium consisting of a
collection of atoms, molecules, or ions that are capable of
amplifying light waves, a pumping source to establish popu-
lation inversion, and optical resonators. Recent studies in
crystal growth and nanoscale manipulation have advanced the
fundamental principle of stimulated emission to new hor-
izons. Crystal growth advancements have paved the way for a
plethora of lasers made from solid-state materials to provide
substitutes for conventional gas and liquid lasers. These solid-
state lasers, developed since the 1980s, emit light across the
near-UV, Vis, and NIR spectra. Of particular interest is deep-
ultraviolet (deep-UV) diode lasing, which holds promise in pre-
cision engineering and biomedical applications. Successful
deep-UV diode lasing relies on high-quality multilayer crystals

This journal is © The Royal Society of Chemistry 2025

within virtually defect-free lattices."*****> Earlier, optically
lasers were assembled with bulk crystals doped with Ln*" ions,
boasting advantages such as longer lifetimes, high power
output and efficiency, and impressive stability. However, they
do come with inherent drawbacks. Their typically large and
heavy design poses challenges in terms of portability and inte-
gration into compact devices. Managing thermal effects due to
heat generation during operation adds complexity and cost to
laser systems. Additionally, the fabrication of high-quality bulk
crystals with precise optical properties can be both challenging
and costly."**™"** To address these challenges, researchers have
turned their attention to developing Ln**-doped upconversion
nanoscale-based lasers. However, the low quantum yield of tra-
ditional UCNPs and the challenges posed by 4-5 photon
upconversion transitions have hindered the exploitation of
their full potential. Additionally, operating UC lasers at room
temperature raises the possibility of depopulating the higher
excited states, which encourages ESA and reduces the possible
population inversion required for laser action.'*¢48

Nanoscale, 2025, 17, 6329-6361 | 6351
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Significant attention has been directed toward photon-ava-
lanching nanomaterials in advanced laser technology to over-
come these limitations. Unlike bulk crystals, ANPs exhibit
exceptional versatility and miniaturization potential due to
their nanoscale size, enabling integration into compact and
portable devices for a wide range of applications. Their unique
ability to generate extreme nonlinear upconverted emission in
visible or ultraviolet light under miniature pumping NIR laser
sources offers unparalleled flexibility in light manipulation
and photonics. Moreover, ANPs can be precisely engineered to
achieve tunable optical properties, including emission wave-
length, intensity, and coherence, allowing for customized laser
designs tailored to specific applications.>*> Achieving popu-
lation inversion in these materials enables the generation of a
wide range of stimulated radiation when an optical cavity pro-
vides positive feedback against losses. Through designing
specialized laser cavities and implementing suitable pump
schemes, lasers based on photon-avalanching nanomaterials
have been realized using both pulse and continuous-wave
pumping methods, notably the avalanche-like energy looping
mechanism in ANPs, resulting in bio-integrable, solution-pro-
cessed CW upconverting nano or microlasers. These nano-
material-based lasers exhibit higher efficiency and lower
thresholds compared with traditional lasers, demanding less
energy for operation while producing more intense light. As a
result, they hold immense promise for applications spanning
super-resolution microscopy, photodynamic therapy, chemical
sensing, optical data storage, and more, spanning a broad
range of wavelengths, from deep UV to NIR.?

In recent studies, two research groups, Fernandez-Bravo
et al. and Liu et al. have investigated the use of energy-looping
Tm>*"-doped nanoparticles (ELNPs) as an active medium in
microcavities for achieving low-threshold CW lasing.'**"°
Fernandez-Bravo et al. designed stand-alone laser microcavities
fabricated from 5 pm polystyrene (PS) microspheres known for
host whispering gallery mode (WGM) refers to optical reso-
nances that occur when light waves are confined within a
microsphere due to total internal reflection, allowing them to
circulate along the inner surface in a closed-loop path.'*® By
coupling ELNPs to the WGM of the PS microsphere, stable
lasing for over 5 hours could simultaneously achieve blue-
colored visible and NIR emissions at 450 nm and 800 nm,
respectively, at thresholds as low as 14 kW ecm™?; excited non-
resonantly at 1064 nm, the ELNPs circumvented the potential
optical and thermal damage typically associated with oper-
ational conditions. By leveraging an avalanche-like energy-
looping mechanism, they effectively overcame these challenges
and achieved population inversion more efficiently compared
with conventional UCNPs, which is crucial for achieving
lasing. The microcavities housing the ELNPs exhibited remark-
able robustness, showing no signs of damage or deterioration
under normal operational conditions. Moreover, the ability to
generate CW lasing in microcavities submerged in blood
serum highlights the promising practical applications of these
microlasers for tasks such as sensing and illuminating intri-
cate biological structures.™*”
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Similarly, Liu et al. utilized 5 pm PS-WGM microcavity
coated with a sub-monolayer of 15.8 nm Tm>*"-doped ELNPs,
revealing their potential as an active medium for low-threshold
micron-sized laser.*® The coupled ELNP-PS microresonators
effectively reduced the background spontaneous emission and
exhibited anti-Stokes lasing at 800 nm with a low threshold
(1.7 £ 0.7 kW cm™~?) when excited by CW radiation at 1064 nm.
Compared with single ENLP-PS microsphere cavities that only
exhibited spontaneous emission, the use of the WGM microre-
sonator led to improved lasing performance. The relationship
between nanoparticle deposition, physical morphology, and
lasing quality was demonstrated, showing a 25-fold reduction
in average lasing threshold distributed over a 30-fold narrow
power range for ELNPs-PS microresonator. The use of a
1064 nm CW excitation laser source minimized thermal
damage and allowed for stable and biocompatible microcav-
ities, making them suitable for biological applications such as
tissue tracking analysis through the imaging of microlasers
using phantoms that mimic the scattering properties of bio-
logical tissue. The submonolayer-coated, 5 pm ELNP
microlasers exhibited distinct WGM lasing even when pumped
through a 1 mm-thick phantom composed of 1% w/v agarose
and 0.25% w/v intralipid. Although the scattering of both
excitation and emitted light by the phantom resulted in an
overall 8-fold reduction in microlaser intensity compared
with imaging without the phantom Fig. 18(A), the fact that the
submonolayer-coated microlasers still achieved CW lasing in
such scattering conditions underscores their significantly
lower thresholds compared with previously reported conven-
tional UCNP or fiber-based microlasers. These findings offer
promising prospects for various applications, particularly in
the fields of imaging, sensing, and optical manipulation. The
enhanced performance, robustness, and compatibility
with biological samples make these energy-looping lasers
valuable tools for investigating complex biological structures
and environments. Further exploration and optimization of
these systems could lead to advancements in the
development of highly efficient energy-looping lasers and their
widespread application in diverse scientific and technological
domains.

Shang et al focused on achieving exceptionally low
threshold lasing emissions within a microcavity laser.” They
achieved this by effectively controlling CR processes, which
enabled the establishment of population inversion at the inter-
mediate state of the *H, level in single Tm®*"-doped nano-
particles utilized as the gain medium. To accomplish this, the
researchers optimized the concentration of Tm®" ions and
applied a single-layer coating of self-assembled nanoparticles
onto the microcavity, which had a diameter of around 5 um.
This coating minimized scattering loss and facilitated the
efficient generation of lasing emissions. Remarkably, they suc-
cessfully achieved lasing emissions at approximately 802 nm
with an impressively low threshold of around 0.15 kW cm™
(equivalent to 150 W cm™>) at room temperature Fig. 18(B).
This threshold was nearly two orders of magnitude lower
than those reported in previous studies by Fernandez-Bravo

This journal is © The Royal Society of Chemistry 2025
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Fig. 18 Towards ANP-based lasers. (A) Cartoon image of ELNPs coated-PS microcavity illustrating low-threshold WGM lasing at 800 nm upon
1064 nm excitation, resulting in reduced spontaneous emission (left), the imaging of five microlasers located within scattering media was conducted
using focused 1064 nm light at an intensity of 1700 kW cm™2, achieved by an objective lens. The microlasers were excited through a phantom com-
posed of 1% agarose and 0.25% intralipid, while the emitted light at 800 nm was collected through the same objective lens (Right). Additionally, the
WGM spectrum of a single microlaser was obtained both with and without the presence of a 1 mm-thick phantom (right and left, respectively).
Reproduced with permission from ref. 150. (B) SEM and TEM images of a 5 pm PS-microcavity coated with a monolayer of self-assembled UCNPs
showing the distribution of nanoparticles on the surface (left) and the proposed imaging system showing excitation and lasing with an ultra-low
threshold at 150 W cm™2 (right). Reproduced with permission from ref. 7. Copyright 2022, Springer Nature.

et al'® and Liu et al™° These findings highlight the
significant potential of nanoparticles with adjustable concen-
trations as highly efficient gain materials for room temperature
CW lasers on both the microscale and nanoscale. The ability
to achieve such low thresholds opens up exciting possibilities
for various practical applications, including intracellular
tagging and imaging. By addressing the challenges associated
with threshold levels, this study contributes valuable insights
to the development of highly efficient and practical laser
systems at the micro and nanoscale. Despite these advantages,

This journal is © The Royal Society of Chemistry 2025

stability remains a challenge for ANP-based lasers. To address
this, future research efforts could focus on surface modifi-
cation techniques to enhance ANP stability, such as coating
with biocompatible polymers or inorganic shells. Additionally,
controlled synthesis methods and purification techniques can
be employed to ensure uniformity and minimize defects in
ANP structures. By overcoming stability challenges, ANPs hold
immense promise for advancing laser technology, opening
new avenues for high-performance and versatile light sources
in various applications.
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4.3. Optical data storage and information security

Full-color tuning refers to the ability to control the lifetime
(duration) of the emission of light in different colors (wave-
lengths) emitted by a material. Full-color lifetime tuning is
important in applications such as displays and lighting; the
capacity to regulate the hue and duration of emitted light can
significantly impact the quality of the visual experience. While
achieving full-color lifetime tuning requires precise design and
synthesis of materials concerning their chemical structure and
properties, variations in composition, phase, and structure
offer a valuable approach for producing a diverse range of
emission colors. However, controlling the color gamut within
a material of fixed composition remains a formidable task.
The parity forbidden 4f-4f transition property of lanthanide
ions qualifies them with decay times from microseconds to
milliseconds, which are substantially longer as compared with
molecular dyes and QDs. This feature makes it more easily dis-
tinguished from the background or noise signal. The upcon-
version luminescence lifetimes can be tuned by artificially
manipulating energy transfer processes between lanthanide
ions or interparticles. For instance, Tm**-doped nanoparticles
with distinct lifetimes can be created by controlling CR occur-
ring at the blue-emitting 'G, level. A gradient doping strategy
was proposed to realize the independent control of upconver-
sion emission intensity and lifetime by manipulating the exci-
tation energy dynamics.'>>'** Minimizing surface quenching
also results in the lifetime tuning from 33 ps to 2.2."°* The
migration-mediated multi-shell nanostructure becomes an
intelligent platform for controlling lifetime by manipulating
the energy transport channels.'”*

Revolutionizing the realm of 3D displays, avalanching
optical materials have emerged as a focal point due to the
remarkable emission bands and unwavering stability of lantha-
nide ions. A significant advancement has been made in achiev-
ing full-color observation wusing core-multishell nano-
structures. Deng et al. presented an innovative and versatile
method to dynamically tune the emission of core-multishell
nanoparticles by varying the pulse width of a 980 nm NIR laser
beam.'™ This groundbreaking approach allows for the cre-
ation of full-color 3D display systems with high spatial resolu-
tion, offering localized control over the color gamut through
nanoparticles dispersed in Polydimethylsiloxane (PDMS) fiber,
facilitated by a non-steady-state UC process. The researchers
discovered that by adjusting the pulse duration of the exci-
tation laser, they could control the energy transfer between
dopant ions in a core/shell nanostructure. Increasing the pulse
duration from 0.2 ms to 6 ms at 980 nm enabled continuous
modulation of the intensity ratio between green and red emis-
sion from the shell, co-doped with Ho**/Ce** ions. This modu-
lation was achieved through a CR process involving Ho®>" and
Ce*" ions. Furthermore, the Tm**-containing core exhibited
blue emissions at 475 nm when excited by an 808 nm continu-
ous-wave laser through the energy transfer pathway of Nd** —
Yb*" — Tm®", with a high concentration of Nd*". The experi-
mental results highlighted the crucial role played by non-
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steady states in governing the excitation dynamics and lumine-
scence emission of nanoparticles, distinct from traditional
photon upconversion under steady-state processes. Using a
multilayer core-shell design and skillful regulation of CR and
energy migration pathways, the researchers successfully
achieved tunable emission, resulting in a wide array of arbi-
trary colors and paving the way for full-color volumetric three-
dimensional displays created from nanocrystals of consistent
composition. This landmark study represents a significant
step toward precise control of color emission and opens up
promising possibilities for various applications in optical
memory, security printing, and other unexplored realms.

ANPs have also emerged as a promising technology with
immense potential in the field of optical storage. By incorporating
these nanoparticles as active elements within the storage
medium, significant advancements in data storage density and
retrieval speed can be achieved. This remarkable approach allows
for the storage and retrieval of data using light pulses at substan-
tially higher densities and faster rates compared with convention-
al storage methods. One major advantage of ANPs in optical
storage is the ability to achieve high storage density. With ANPs
serving as the key components, data can be packed more densely,
enabling the storage of larger amounts of information within a
smaller physical space. This increased storage density is crucial
in the era of big data and information-intensive applications.

Another advantage lies in the potential for rewritable and
multi-level optical storage. ANPs offer a wide range of color
tunability, allowing for versatile encoding and storage of data.
By manipulating the composition and size of the nano-
particles, diverse emission wavelengths can be achieved,
enabling multi-level storage and significantly expanding the
data capacity. For the proof of concept, Lu et al. successfully
demonstrated precise control over the UC lifetime of NaYF,
nanocrystals doped with Yb** and Tm?* ions by manipulating
the CR process with varying concentrations of blue-emitting
Tm®" jons.” Through this manipulation, the researchers
achieved a wide range of UC lifetimes, from 25.6 us to
662.4 ps, within a single blue emission band. This ground-
breaking achievement led to the development of a collection of
Tm®"-doped z-dots with tunable lifetimes, allowing for optical
multiplexing with over 10 000 distinguishable codes. By com-
bining different codes based on color, intensity, and lifetime,
researchers were able to leverage luminescence as a potent
analytical technique, particularly valuable in life sciences and
medicine. This advancement opens up new possibilities for
diagnostic and analytical applications by addressing the com-
plexity of these fields. Furthermore, the controlled manipu-
lation of upconversion lifetimes in nanocrystals opens exciting
opportunities in high-density data storage. With the ability to
encode information in the form of distinct lifetime codes, the
potential for compactly storing vast amounts of data is greatly
expanded. This breakthrough paves the way for the develop-
ment of advanced data storage systems with higher capacities
and improved data retrieval capabilities.

Recently, Lee et al. reported an impressive development in
NIR-photoswitchable ANPs doped with 8% Tm?**, designed for

This journal is © The Royal Society of Chemistry 2025
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optical data storage.? To explore their potential in high-density
patterning applications, the researchers deposited a thick film
of ANPs (~5 microns) onto a glass slide. These nanoparticles
demonstrated the ability to alternate between darkened and
brightened states, enabling the creation of sequential 2D and
3D patterns, which were visualized using conventional con-
focal microscopy. By utilizing CW 1064 nm and 700 nm laser
beams, the team successfully created rewritable 2D patterns,
where the 1064 nm beam was used for imaging and darkening,
while the 700 nm beam enabled precise writing. The nonlinear
PA emission and photodarkening properties of these ANPs
allowed for ultra-high resolution patterning, achieving features

1,064 nm

1,064 nm 700 nm

View Article Online
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smaller than 70 nm, with long-lasting storage lifetimes and
unlimited read-write cycles. Additionally, due to the low scat-
tering of NIR wavelengths, these nanoparticles facilitated sub-
surface imaging, enabling the optical patterning of complex
3D designs measuring approximately ~3 microns in all dimen-
sions Fig. 19(A and B). This breakthrough opens new possibili-
ties for ANPs in high-density optical memory and robust pat-
terning applications in both 2D and 3D. In another significant
study, Bednarkiewicz et al. demonstrated the use of ANPs as
powerful tools for advancing all-optical neuromorphic comput-
ing."”® These nanoparticles exhibited remarkable properties such
as paired-pulse facilitation, short-term memory, and in situ plas-
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Fig. 19 ANPs in optical data storage. (A) Rewritable photopatterns of the crown and smile face on a 100 nm thick ANP film. (B) 3D images of
diamond spiral patterned into a 5 micron-thick ANPs film. Reproduced with permission from ref. 4. Copyright 2023, Springer Nature. (C) A schematic
representation of 2D histograms plotting the occurrences of horizontal (/) versus vertical (ly) PA intensities facilitating feature extraction from noisy
digit patterns (signal-to-noise ratio, S/N = 4) for digit signs “0” through “9". (D) The extracted /,; and Iy features from individual experiments served as
input data for a simple artificial neural network (ANN). The network architecture consisted of a 2-neuron input layer, a 64-neuron hidden layer, and
a 10-neuron output layer, enabling it to classify the digit signs effectively. (E) The performance of the ANN was evaluated using a confusion matrix,
demonstrating successful digit classification with an impressive accuracy of 93%. Reproduced with permission from ref. 156. Copyright 2024, Wiley
John and Sons.
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ticity, allowing them to emulate key behaviors of biological
synapses. Their highly nonlinear threshold responses enabled
efficient and selective signal amplification, mirroring the activity
of neurons. Using these unique features, the researchers devel-
oped a two-input photonic neural network capable of performing
tasks like 2D pattern recognition and feature extraction Fig. 19(C—-
E). These findings highlight the vast potential of ANPs in a range
of cutting-edge technologies. For data storage, they offer precise,
high-resolution patterning and long-term stability. In neuro-
morphic computing, they provide a pathway to biologically
inspired, next-generation computing platforms that integrate
advanced photonic systems for efficient data processing, adaptive
control, and storage.

5. Current challenges and limitations
of ANPs for frontier applications

In addition to the aforementioned emerging applications,
ANPs possess unique optical properties that position them as
promising candidates for several frontier applications, includ-
ing optogenetics, optical sensing, and targeted drug delivery.
However, significant challenges must be addressed to translate
these promising materials into practical and widespread use.
This section explores the key limitations in these areas and dis-
cusses potential strategies for overcoming these challenges.

5.1. Optogenetics

Optogenetics is a cutting-edge interdisciplinary field that com-
bines techniques from optics and genetics to control and
monitor the activity of individual neurons or specific neural
circuits within living organisms. It utilizes light-sensitive
probes, called opsins, to selectively modulate the electrical
activity of neurons in response to light stimulation.'””'>®
Lanthanide-doped ANPs may work as a remarkable light-sensi-
tive probe, which may make them highly intriguing for optoge-
netics. These nanoparticles exhibit exceptional nonlinear
upconverted emission in the visible or UV spectrum when
exposed to a miniature pumping NIR laser source. This unique
property holds immense potential for advancing optogenetics
research, offering a novel avenue for precise manipulation of
neuronal activity using light stimulation.>® However, despite
their promising potential, there are several reasons and chal-
lenges associated with the use of these ANPs in optogenetics.
Deep tissue penetration. One of the primary reasons for
using ANPs in optogenetics is their ability to generate extreme
luminescence in the UV-Vis region under NIR light. This prop-
erty allows for deep tissue penetration, which is essential for
stimulating or inhibiting neurons deep within the brain
without causing damage to surrounding tissue. However,
achieving sufficient penetration depth remains a challenge,
particularly in the complex and heterogeneous environment of
the brain. Innovative approaches for enhancing the pene-
tration capabilities of ANPs are required. Developing ANPs
with enhanced quantum yields and optimizing NIR laser para-
meters can improve signal strength. Advanced delivery
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systems, such as implantable optical fibers or waveguides, may
also aid in overcoming depth limitations.

Biocompatibility. ANPs may be used effectively in optoge-
netics; however, they must be biocompatible to ensure
minimal toxicity and immune response when introduced into
living organisms. Although surface modification techniques can
improve biocompatibility, maintaining the optical properties of
ANPs while enhancing their biocompatibility is a significant
hurdle. Also, exploring biodegradable coatings and biomimetic
materials could improve compatibility, reduce
responses, and enhance integration with neural tissues.

Targeting specific neuronal populations. Effective optoge-
netic applications demand precise targeting of specific neuro-
nal populations. Functionalizing ANPs with targeting ligands
can enhance cell-type specificity, but achieving reliable and
spatially precise control over neuronal activity requires further
optimization. Also, advancing ligand engineering, using multi-
functional biomolecules, and employing Al-driven ligand
screening could enhance targeting precision.

Delivery and distribution. Delivering ANPs to the target area
within the brain and ensuring uniform distribution throughout
the tissue is crucial for effective optogenetic modulation. Various
delivery methods, such as direct injection or systemic adminis-
tration, have been explored, each with its advantages and limit-
ations. Overcoming barriers to efficient delivery and achieving
homogeneous distribution of ANPs within the brain represent sig-
nificant challenges in the field. However, developing novel car-
riers like liposomes, exosomes, or magnetic nanoparticles for
localized delivery and leveraging microfluidic technologies for
precise administration can address these issues.

Integration with optogenetic tools. The compatibility of
ANPs with existing optogenetic tools such as opsins requires
careful tuning of spectral properties. Designing ANPs with cus-
tomizable spectral properties, improving their temporal
response, and developing complementary imaging systems
can facilitate seamless integration.

immune

5.2. Optical sensing

In the field of optical sensing, ANPs may gain significant atten-
tion due to their unique properties, including stronger laser
pump-induced ESA, clear excitation-power thresholds, sharp
emission bands, long luminescence lifetimes, and excellent
photostability. These characteristics make them promising
candidates for various sensing applications."*®
several challenges must be addressed.

Sensitivity. One of the primary reasons for utilizing ANPs in
optical sensing is their high sensitivity to changes in their
local environment. ANPs can act as luminescent probes, with
their emission intensity or lifetime being modulated by
analyte concentrations, pH, temperature, or other environ-
mental parameters. However, achieving high sensitivity and
selectivity for specific analytes while minimizing interference
from background signals remains a challenge. However, imple-
menting advanced functionalization techniques and employ-
ing ratiometric sensing strategies could enhance selectivity
and accuracy.

However,

This journal is © The Royal Society of Chemistry 2025
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Multiplexing capabilities. Multiplexed sensing offers signifi-
cant advantages but requires a precise design to avoid cross-
talk between different emission channels. However, leveraging
machine learning algorithms for signal deconvolution and
developing ANP sensor arrays with well-separated emission
peaks can address multiplexing challenges.

Cost and scalability. Cost-effective synthesis methods and
scalable production processes are essential for the widespread
adoption of ANP-based sensors in research and commercial
applications. Addressing challenges related to production
costs, scalability, and reproducibility is crucial for overcoming
barriers to large-scale manufacturing and market penetration
of ANP-based sensing technologies. Investigating low-cost pre-
cursors, scalable synthesis methods, and batch-process optimi-
zations may be essential for large-scale manufacturing.

5.3. Targeted drug delivery

The term “targeted drug delivery” refers to the process of deli-
vering the correct dosage of the drug to a specific location in
the body through a structured system. It encompasses the
selection of a carrier, a delivery route, and a specific target site
for the drug to act upon.'®®'*! The remarkable nonlinear pro-
perties and tunable surface chemistry of lanthanide-based
ANPs can show significant interest for visualizing drug deliv-
ery. However, several reasons and challenges exist in utilizing
ANPs for drug delivery.

Targeted delivery. ANPs can be functionalized with targeting
ligands, such as antibodies or peptides, to achieve targeted
delivery of therapeutic agents to specific cells or tissues. This
targeted approach can enhance drug efficacy while minimizing
off-target effects and systemic toxicity. However, achieving
selective binding and uptake by target cells remains a chal-
lenge, particularly in complex biological environments with
heterogeneous cell populations. To address this, multi-modal
ANPs could be developed with combinatorial targeting strat-
egies (e.g., integrating antibodies, and aptamers) that could
improve selectivity.

Controlled release. The controlled release of therapeutic pay-
loads from ANPs is crucial for achieving desired pharmacoki-
netics and minimizing side effects. Various stimuli-responsive
systems, such as pH, temperature, light, or enzyme-sensitive
linkers, have been investigated to achieve spatiotemporal
control over drug release from ANPs. However, optimizing the
release kinetics, achieving precise control over release profiles,
and ensuring payload stability during storage and delivery are
ongoing challenges in ANP-based drug delivery systems.
However, utilizing hybrid nanoparticles that respond to mul-
tiple stimuli and incorporating precision-release mechanisms
like photoactivation may enhance therapeutic outcomes.

Scale-up and manufacturing. Developing scalable synthesis
methods for ANPs is essential for their practical implemen-
tation in drug delivery applications. Challenges related to
batch-to-batch reproducibility, cost-effectiveness, and quality
control need to be addressed to enable large-scale production
of NP-based drug delivery systems for clinical use. However,
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exploring continuous flow reactors and modular synthesis plat-
forms could enable high-quality production at scale.
Regulatory approval. The long-term toxicity and biocompat-
ibility of ANPs are critical concerns for clinical translation.
Standardizing safety evaluation protocols, conducting exten-
sive preclinical studies, and fostering collaborations with regu-
latory agencies will be pivotal in overcoming these barriers.

6. Conclusion and future prospects

ANPs have experienced remarkable breakthroughs in recent
years, with significant progress in mechanistic understanding
and frontier applications. ANPs possess valuable on-demand
properties, accessible through the design and tunable charac-
teristics of their nanostructure and external stimuli, presenting
exciting prospects for various applications in nanophotonics.
These applications encompass ANP-based lasers, luminescent
thermometry, 3D displays, optical storage, and information
security. Moreover, ANPs have demonstrated their potential in
biological imaging, offering highly enhanced resolution at the
sub-nanometer or even at the sub-angstrom level. The emer-
gence of smart photon-avalanche optical materials is gradually
shaping the nanoworld.

This review has highlighted the emerging applications of
ANPs beyond traditional applications in theranostics and con-
ventional confocal imaging. Through careful selection of
dopant ions and their concentration in the host lattice, the
emission profile of ANPs can be tuned, providing greater
control over emission spectra. The combination of spectral
design, NIR excitation, and multiplexing capabilities due to
narrow emission bands positions ANPs as powerful tools for
super-resolution imaging, in vivo biological treatment, and
optical data storage. Significant progress has been observed in
the forensic arena, where ANPs find usefulness due to the scar-
city of lanthanides in the environment and the need for special-
ized laboratories for their production. ANPs offer superior con-
trast, sensitivity, selectivity, facile surface modification, and
photostability compared with traditional luminescence fluo-
rescent visualization methods. Additionally, the ultimate optical
properties of ANPs, such as their giant optical nonlinear
response over minute pumping sources, power-dependent emis-
sion tuning, and narrow emission spectra, make them suitable
tools for driving photochemical reactions, such as reversible
photoswitching and bidirectional switching of ligand spin
states. As a result, ANPs have considerable potential in the devel-
opment of novel light-responsive photonic devices, materials,
and remote-control probes, as well as advancing spintronics.

The modification of ANPs with optical highlighters and tar-
geting groups has shown promise as a tool for sub-diffraction-
unlimited photomanipulation at plasma membranes. This
capability indicates future potential for ANPs in in situ bioana-
Iytic investigations, including protein interaction kinetics and
evaluation of spatiotemporal organization at the micro- and
nanoscale. However, while ANPs show high stability, low tox-
icity, and efficient energy transfer through CR pathways, their
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low absorption cross-section remains a challenge for
Photothermal Therapy (PTT) or Photodynamic Therapy (PDT)
in cancer treatment. An example of a promising material in
biomedicine is neodymium ions, which exhibit advantageous
properties, including high absorption cross-section area at the
NIR-II window and emitting light in the UV-to-NIR-I region.
Studies on animals have explored rare-earth-doped nanocrys-
tals, including ANPs, as potential heaters for therapeutic
applications.

In conclusion, this review has summarized the state-of-the-
art progress in optical manipulation in upconverting nano-
materials and explored their emerging applications. The
tunable spectral and lifetime domains of ANPs form a solid
foundation for their frontier applications, both in fundamen-
tal research and cutting-edge practical uses. ANPs have played
a pivotal role in enhancing spatial and lateral resolutions in
fluorescence microscopy, and recent progress in ANPs for
super-resolution microscopy imaging is expected to further
lower resolution limits. Challenges remain in achieving mole-
cular-scale resolution, but efforts to minimize fluorescent
probe size and linkage distances offer potential solutions.
Additionally, ANPs have demonstrated significant utility in
photopolymerization for 3D printing and as a crystal lasing
medium for solid-state UV lasers through WGM incorporation.
Their unique optical properties make them effective alterna-
tives for super-resolution and deep tissue imaging under the
NIR-II window, surpassing traditional NIR-to-visible-based
imaging. Furthermore, ANPs engineered to exhibit persistent
luminescence properties enable longer nanoparticle tracking.
Despite these significant advancements, challenges persist,
necessitating further research efforts to overcome fundamental
limitations and realize widespread use of ANP-based techno-
logies. Future explorations hold promise for groundbreaking
innovations and advancements in diverse scientific and tech-
nological domains through the continuous refinement and
exploration of ANPs’ capabilities.
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