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ABSTRACT

Trivalent lanthanide (Ln®") doped luminescent nanocrystals are promising for applications ranging from biosensor, lasing, super-
resolution nanoscopy, information security and so on. Although the utility prospect is of great attractions, the light absorption of
these lanthanide doped nanocrystals is inherently weak due to the electric dipole-forbidden 4f — 4f transitions. Even worse, the
quantum yields of upconverison nanocrystals are very low, which will unavoidably hinder their further applications. In a typical
lanthanide luminescent nanosystem, both sensitizers as light absorption centers and activators as light emitting centers are
necessary and important for desired luminescence properties. Among various sensitization systems, only Yb* and Nd** are
considered as the most efficient sensitizers. Thus, the corresponding excitation wavelengths are strictly limited around 980 and
808 nm. To enrich excitation wavelengths and boost luminescence intensity, exploring more sensitization units that possess larger
absorption cross section, higher efficiency of energy transfer process and independent excitation is imperative and beneficial for
the demands of different applications, such as broadened absorption in near infrared (NIR) region for higher conversion efficiency
of solar cells, prolonged excitation wavelength to second near infrared windows region (NIR II, 1,000-1,700 nm) for in vivo
fluorescence imaging with deeper tissue depth and higher spatial resolution, more orthogonal excitations and emissions to
improve optical multiplexing, and so on. Therefore, in the review, we primarily conclude several major energy transfer mechanisms
from sensitizers to activators. Then we present three kinds of sensitizers, including lanthanide ions, organic dyes and quantum
dots (QDs), and introduce the newly designed sensitization system that allows us to exploit superior excitation wavelength and
amplify luminescence intensity. Finally, several future challenges and opportunities for the sensitizing strategies are discussed in
hope of directing and broadening the applications of lanthanide nanosystem.
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especially in the wavelength range from 1,000 to 1,700 nm (NIR

1 Introduction IT window), also shows excellent superiority in the applications

Upconversion luminescence (anti-Stokes emissions) in trivalent
lanthanide (Ln’*) doped materials is a characteristic optical
property [1-4]. The general concept of upconversion referring
to a nonlinear optical progress through absorbing two or more
lower energy photons and emitting one higher energy photon
are first formulated independently by Auzel, Ovsyankin and
Feofilov in the 1960s [1, 5]. However, the materials used for
upconversion are usually limited to bulk form [6, 7]. Since
the great development of nanotechnology [8, 9], Ln** doped
upconversion nanocrystals with rational design of core/shell
structures have drawn tremendous attentions due to their
unique optical properties, including sharp-band emissions,
excellent optical stability, low toxicity as well as long fluorescence
lifetime [10-12]. Benefiting from the above merits, lanthanide
doped luminescent materials emerging as new kinds of light
emitters exhibit great potential applications on high-resolution
nanoscopy [13, 14], optogenetics [15], lasing [16, 17], solar
cell [18] and so on. Besides the upconversion behavior of Ln**
doped nanomaterials, downshifting luminescence (Stokes
emissions) of these nanocrystals in near infrared (NIR) region,

of bioimaging [19-21] and biosensing [22, 23].

Generally, upconversion and downshifting luminescence of
most Ln** ions can be easily achieved through introducing suitable
sensitizers that can efficiently absorb excitation photon energy and
sequentially transfer energy to activators. Over the past decade,
various lanthanide sensitizers, including Yb** (980 nm) [24], Nd**
(808 nm) [25, 26], Er** (1,530, 808, and 980 nm) [27-29], Tm>*
(808, 1,064, and 1,208 nm) [20, 30, 31] and Ce’* (254—450 nm)
[32, 33], are developed to enrich the excitation wavelength
and broaden their application, especially on biosensing [34],
information storage [35] and lasing [16]. Among these sensitizers,
only 980 nm excited Yb**-Ln** and 808 nm excited Nd**-Yb**-Ln**
combinations are considered as the most efficient sensitization
systems. Such limited sensitizers and corresponding excitation
wavelengths are mainly caused by the fact that unlike the
flexible absorption and structure of organic dyes and QDs,
feature absorptions of lanthanide ions are fixed due to the
unchanged excited states, and cross relaxation (CR) at high
doping concentration is deleterious for both sensitizing and
emitting processes, which will certainly result in the relatively
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monotonous excitation wavelengths and sensitizers. More
recently, researchers have demonstrated that organic dyes [36-38]
and QDs [39-41], both of which show high absorption cross-
section and abundant excitation wavelengths, emerge as new
signposts to guide wider excitation wavelength range and stronger
fluorescence intensity for lanthanide doped nanomaterials
(Fig. 1).

In the view of recently extensive reports on Ln** doped
nanocrystals, we mainly focus on the progress of newly developed
sensitizers for upconversion and downshifting luminescence of
Ln** doped nanoparticles. Different sensitizers for lanthanide
luminescence involve in disparate mechanisms, thus we first
illustrate several major energy transfer pathways from sensitizers
to activators. Then we present a series of sensitizers, including
lanthanide ions, organic dyes and QDs (Fig. 2), to induce
lanthanide luminescence. In particular, we discuss the newly
designed sensitization system that allows us to exploit superior

S%*: Sensitizer
Ln*: Lanthanide ions

4

LED/Laser

Figure 1 Schematic illustration of different sensitizers for upconversion
and downshifting luminescence of lanthanide doped nanomaterials.
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excitation wavelengths and boost luminescence intensity for the
applications on biosensing, information storage and lasing. Finally,
several future challenges and opportunities for the sensitizing
strategies are discussed in hope of directing and broadening
the applications of functionalized lanthanide nanosystem.

2 Energy transfer mechanisms for sensitizing
lanthanide luminescence

Lots of studies are conducted to determine the energy transfer
pathways of lanthanide luminescent nanosystem [37, 42—46].
Although higher sensitizer concentration may favor more
excellent light absorption, the high doping could unavoidably
cause localized concentration quenching of sensitizers or
activators [29, 47]. So, to increase the light harvesting ability of
Ln* doped nanomaterials, a sensitizer with larger absorption
cross section is top priority. Besides, energy transfer efficiency
that mainly depends on spectral overlap and distance between
sensitizers and activators is another key factor that influences
fluorescence intensity [48—50]. To optimize the luminescence
performance of lanthanide doped nanocrystals, deep under-
standings on the intricate interactions between sensitizers
and excitation source, sensitizers and activators, activators and
activators are urgently needed. Therefore, we conclude several
major sensitization mechanisms for lanthanide luminescence.
Upconversion in rare earth doped nanocrystals is an anti-
Stokes and multi-photon process, in which excitation energy
is transferred stepwise from sensitizers to activators [2, 3, 51].
The ladder-like electronic states of many Ln*" ions and long
radiative lifetimes (10 ps—10 ms) [10, 11, 52] of intermediate
energy levels promote that upconverting process usually
possesses as much as 10°-fold higher efficiency than multi-
photon absorption [53]. In host lattice, photon-assisted resonance
energy transfer from sensitizers (Yb’*) to activators (Fig. 3(a)),
usually named as ETU, is highly effective, which greatly
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Figure 2 Development of representative sensitizers for activating lanthanide ions. Different sensitizers and corresponding excitation wavelength are provided.
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Figure 3  Simplified energy level diagrams for upconversion and downshifting luminescence of lanthanide ions activated by different sensitizers (lanthanide
ions, dyes and quantum dots) through typical energy transfer pathways, including (a) energy transfer upconversion (ETU), (b) excited state absorption (ESA),
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contributes to the upconversion and downshifting luminescence
of UCNPs [1]. In the case of excited state absorption (ESA),
upconversion luminescence requires successive absorption of
excitation photons by only one ion (Fig. 3(b)), in which only
Er’* doped nanoparticles are the usually reported nanosystems
for efficient ESA process [46]. Photon avalanche (PA) induced
upconversion (Fig. 3(c)) features an unusual luminescence
mechanism that needs excitation power density to be above a
certain threshold. Utilizing the PA process, researchers have
successfully achieved extraordinary excitation wavelengths for
the modulation of upconversion behavior on the applications of
bioimaging [54], lasers [16] and super-resolution nanoscopy
[13, 55]. For a long time, Ce** featuring broadband absorption in
blue region (250-450 nm) due to the advantage of the parity-
allowed 4f > 5d electronic transition has already been used as an
efficient sensitizer for both downshifting and quantum cutting
of lanthanide ions through resonant energy transfer (Fig. 3(d))
[33, 56-59]. However, the mechanism of energy transfer from
Ce’* to Ln’ is still in debate about whether a charge-transfer
of Ce**-Ln* is involved in the energy transfer that induces
downshifting or downconversion luminescence [33].

Due to the forbidden nature of f—f transitions of Ln*, the
absorption cross sections of Ln** ions are very small. Differently,
small molecular dyes with controllable absorption peaks by
modulating conjugated system have strong broadband absorption.
Recently, scientists have demonstrated an effective method
to amplify the absorption of lanthanide doped nanocrystals
through anchoring organic dyes on their surface to implement
an antenna effect. After light irradiation, the dyes around
nanocrystals are activated to their excited singlet state, followed
by two ways to activate lanthanide ions (Fig. 3(e)): (i) direct
energy transfer from S: of dyes to sensitizers or activators on
the surface of Ln’* doped nanocrystals, or (ii) energy transfer
from T, that originates from S; through intersystem crossing
to sensitizers. Then the sensitizers in the nanocrystals will
activate emitters by classical ETU mechanism for lanthanide
luminescence [38, 60]. Since a pioneering concept proposed in
2012 by Jan C. Hummelen and co-workers [36], dye-sensitized
structures for lanthanide luminescence have attracted enormous
attentions and made great progress on various applications
[60-63]. More importantly, the broadband sensitization from
organic dyes indeed brings about enhanced luminescence
intensity of Ln** doped nanocrystals even under incoherent light
excitation [60]. However, every coin has two sides. Although
the strategy shows impressive luminescence properties, the
photobleaching of small molecule dye remains a big unfavorable
obstacle for their practical applications [48]. Another problem
is that until now the excitation wavelengths of most organic
dyes for sensitizing Ln** ions are still less than 1,000 nm, which
shows deleterious light scattering that goes against in vivo
fluorescence imaging at deep tissue depth [64, 65].

Another reported method is to introduce QDs into lanthanide
nanosystem. As is well known, QDs with controllable band
gap by modulating sizes, shapes and compositions have strong
broadband absorption [66, 67]. Hence, to enhance the light
harvesting ability of lanthanide doped nanomaterials, researchers
have successfully realized the combination of QDs and
lanthanide ions to obtain efficient energy transfer from QDs
to Ln** [68-70]. Up to now, two main energy transfer mechanisms
are proposed to clarify luminescence behavior of lanthanide
doped QDs. The first one is quantum cutting (downconversion,
Fig. 3(f)), in which one pump photon captured by quantum
dots can create two emissive photons from Ln**. In this way,
the photoluminescence quantum yields of these nanosystems,
where all-inorganic cesium lead halide CsPbX; nanocrystals are
most used as host materials, are usually well over 100% [71].
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Another energy transfer process is Lo’ charge-transfer excited
states (Fig. 3(g)), in which a photo-induced charge carrier in
nanocrystals is formally absorbed by Ln’* to generate Ln**,
followed by internal conversion to promote the population of
emissive excited state. The above process is proposed for
sensitizing Yb** emission in bulk InP crystals [68]. However,
the efficiencies of the charge-transfer process between QDs
and Ln’* are still limited and the narrow absorption, toxicity and
stability of perovskite host will also hinder their widespread
use [40]. Moreover, due to the complex doping system, the
exact energy transfer mechanisms for lanthanide luminescence
sensitized by QDs are very difficult to determine, more in-depth
investigations are required.

3 Progress on sensitizers for lanthanide lumine-
scence

Exploiting more sensitization units with the advantages of
larger absorption cross section, higher energy transfer efficiency
and diverse excitation wavelengths is necessary and important
to meet the demands for different applications, such as wider
absorption in NIR region for higher conversion efficiency
of solar cells [72], longer excitation wavelength for in vivo
fluorescence imaging at deeper tissue depth [20], more pump
wavelengths for orthogonal excitation to improve multiplexing
[73, 74], and so on. However, one must admit that there are
several challenges on the way to reach this goal. For example,
undesirable energy loss from cross relaxation between activators
and activators/sensitizers, synthesis difficulty in combining a
QD and lanthanide ions into a single nanoparticle, larger absorp-
tion overlap between diverse sensitizers hard for independent
excitation without cross-talk. Therefore, great efforts should
be devoted to promoting the development of new sensitizers
for lanthanide luminescence.

3.1 Lanthanide ions as sensitizers

Among various lanthanide sensitizers, Yb* with large absorption
cross-section (10™° cm™ at around 980) and only a single excited
state is usually regarded as one of the most efficient sensitizers
for activating most Ln*', including Er**, Tm*, Ho>* and so on
(Fig. 4(a)) [75-78]. The luminescence mechanism reveals
effective photon-assisted resonance energy transfer from Yb** to
activators in fluoride host lattice (NaYF4, NaGdF4, NaLuF, ...)
[79-82]. Great efforts have been devoted to developing mul-
tifarious Yb** sensitized lanthanide doped nanoparticles with
abundant optical properties to greatly expand their applications.
However, it is worth pointing out that one nonnegligible limitation
of the most commonly used Yb** sensitized nanocrystals is
their physically excitation band centered at 980 nm, overlapping
at the absorption peak of water molecules [25, 26, 47].
Therefore, the 980 nm excitation energy would be significantly
attenuated while traversing biological samples, resulting in the
reduced fluorescence intensity and limited penetration depth.
Moreover, the concomitantly induced overheating caused by
980 nm irradiation is another serious problem for the application
in bio-system.

To address the challenge, considerable researches have
focused on engineering the excitation wavelength for Ln**
doped nanomaterials. For example, since the absorption cross-
section of Yb’* is broad, He and co-workers demonstrated that
the 915 nm laser excitation on NaYbFs: Ln** nanocrystals was
superior to the 980 nm laser excitation for deep tissue imaging
due to the low absorption coefficient of water at 915 nm [83].
Their further imaging analysis confirmed the practicability of
the 915/920 nm lasers serving as new promising excitation
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(a) Schematic energy level diagrams showing typical upconversion processes for Tm** and Er** sensitized by Yb** ion. (b) Schematic diagram

illustrating bioconjugation process of OA-capped upconversion nanocrystals. Two pathways describe targeting HeLa cancer cell and in vivo animal
imaging, respectively. The lower pictures show the in vivo imaging results based on NaYbFs: Tm?* nanocrystals excited by a 915 nm laser. (c) The set-up

for comparison the penetration depth of 920 and 974 nm light for activating

upconversion nanocrystals. The lower shows the experimental results indicating

a deeper penetration of 920 nm light. (d) Proposed energy transfer mechanisms in the Nd** sensitized nanosystem. (e) Anti-counterfeiting luminescence
images of the orthogonal excitations-emissions of different excitation wavelengths, emissions and nanocrystals. (f) In vivo fluorescence imaging of Nd**
sensitized nanicrystals under an 808 nm laser excitation. (g) The experimental setup for evaluating heating effect of water under 980 and 800 nm lasers
excitation. The results of the heating effect of lasers irradiation are on the right. 800 nm irradiation shows lower increase on temperature. Reproduced with
permission from Ref. [83], © American Chemical Society 2011; Ref. [84], © Ivyspring International Publisher 2013; Ref. [94], © Wiley-VCH 2014; Ref. [73],

© Wiley-VCH 2016; Ref. [25], © American Chemical Society 2013; and Ref.

lights for Yb**-sensitized nanomaterials (Figs. 4(b) and 4(c))) [84].
However, the absorption cross-sections of Yb** at 915/920 nm
are very low, leading to the weak luminescence intensity
compared to that excited by a 980 nm laser under the same
power density. This will undoubtedly cause energy loss of
excitation lasers and undesirably increase the energy flux
irradiated on bio-samples, which is unamiable for bio-imaging
and detection.

To further distance the excitation wavelength from absorption
peak of water and meanwhile guarantee an acceptable light
absorption of a sensitizer (Fig. 5(a)), one needs to be familiar

TSINGHUA
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[26], © Wiley-VCH 2013.

with the typical absorption spectra of most lanthanide ions
(Fig. 5(b)). Notably, Nd** has strong absorption peaks at
wavelengths far from 980 nm, such as 740, 794, and 862 nm
(Fig. 5(b)), assigned to the transitions from “Io; to *Frp, “Fs2 and
*Fan, respectively. Importantly, all of these peaks (especially
the absorption peak at 794 nm with the absorption cross
section of about 107"’ cm™) are corresponding to the weak
absorption of water. Utilizing the above property and valid
energy transfer from Nd** to Yb’* [85-87] in different host
materials (up to 70%), a new assembly of Yb**/Nd**/Ln** cascade
sensitized tri-doped nanoparticles under the excitation around

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure 5 (a) Absorption spectrum of pure water through a cuvette with

1-mm width. (b) Absorption spectra of most lanthanides ions in aqueous
solution (0.05 M). Other lanthanides, such as Pr**, Eu®** and Tb*', show
ignorable absorption intensity in the wavelength range from 600 to 1,350 nm.
The width of cuvettes used here are 1 cm. (c) Simplified sensitization process
of Nd**/Yb’* co-doped system under an 808 nm laser excitation.

800 nm are proposed (Fig. 5(c)), in which Nd** ions take the
role of absorbing pump photons, while the Yb’* ions act as
bridging ions to further transfer energy to activators [87, 88].
However, this tri-doped nanostructure allows only for low
concentration doping of Nd** ions, resulting in feeble absorption
and thus weak emission intensity. Although the higher concen-
tration of Nd** would favor better absorption, the high doping
could unavoidably cause deleterious cross relaxation between
Nd** ions and emitters, which will consume most of the pump
energy. Therefore, the early Nd** sensitized upconversion nano-
crystals excited by an 800 nm laser is relatively weak compared to
that of Yb**-based counterparts upon a 980 nm laser excitation.
The relevant investigation on these tri-doping structures
mainly focuses on the optical properties and energy transfer
mechanism.

Until 2013, several group teams independently proposed a
rational core/shell structures, including NaYF.Yb*/Nd**/
Ln*@NaYFs:Nd* [47], NaGdF«Yb*/Ln*@NaGdFzNd*/Yb** [25]
and NaGdF:Nd*@NaGdF«Yb*/Ln** [89], to separate the
activators and Nd** and thus increase the doping concentration
of sensitizers for the sake of more excellent light absorption
and reduced energy loss from ions interactions (Fig. 4(d)). The
luminescence intensity of the above Nd**-sensitized core/shell
nanocrystals is dramatically enhanced by the factor of about
405 compared to that achievable using the nanocrystals without
the high doping shell coating of Nd** [47]. Soon after, benefiting
from the drastically enhanced luminescence intensity of Nd**-
sensitized core/shell structures under a 808 nm laser excitation,
various applications including anti-counterfeiting (Fig. 4(e))
[90], therapy [91, 92], bio-detection [93], bio-imaging (Fig. 4(f))
[94] and color modulation [95, 96] of lanthanide doped nano-
materials are greatly enriched and improved. For example,
our group designed core-multishell structured NaGdFaYb,
Er@NaYF.:Yb@NaGdF.Yb,Nd@NaYF.@NaGdF.:Yb,Tm@NaYF,
nanoparticles with power-density independent orthogonal
excitations-emissions upconversion luminescence and demon-
strated their potential application on multi-dimensional security
marking (patterns, emissions and excitations) and imaging-
guided combined therapy [73]. The most important thing is
that the heating effect of 800 nm irradiation is lower than that of
980 nm (Fig. 4(g)). However, Nd**-based nanostructures usually
needs the assistance of Yb** ions as bridging role for efficient
sensitization, which will certainly require the complicated and
niggling core/shell designs for eagerly awaited applications.

Besides Yb** and Nd*, Er** possesses excellent sensitization
efficiency as well. In 2017, three groups independently found an
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efficient core-inert shell nanostructure with a strongly suppressed
concentration quenching effect of Er’** in core area (Fig. 6(a))
[27-29], for which the optimized doping concentration of Er**
can reach up to 100%. The important inert shell of NaYF. acts
as a perfect protecting layer to prevent energy migration to
the surface of nanocrystals. In such luminescence system, Er**
ions serve as both sensitizers and activators by ESA and ETU,
in which 808, 980, and 1,530 nm lasers are all favorable
excitation sources. The quantum yield of Er** self-sensitized
upconversion nanocrystals (0.17%) is comparable to conversional
Yb** sensitized upconversion nanocrystals under excitation
with a 980 nm diode laser [28]. It should be noted that the
construction of pure Er’*-based host sensitization nanocrystals
only offers the ability to generate bright red emission, while
the featured green emission at 525 and 540 nm of Er’* are
nearly blocked due to the CR at high doping concentration
of Er’* [45]. Taking advantage of the unique optical property,
tunable full color emission in a single core-shell structured
nanocrystal by three continuous wave (CW) lasers [76] and
image-guided photoinduced “off—on” therapy in biomedicine
(Fig. 6(b)) [34] are both achieved.

Apart from self-sensitization, Er’* can also activate other
Ln’* jons. For example, Huang developed a brand-new design
of upconversion nanocrystals, where the typically less than
10% doped Er’** ions were used to transfer the absorbed photon
energy at 1,532 nm to nearby lanthanide emitters for their
upconversion luminescence, including Nd**, Eu’*, Ho*, and
Tm* [35]. Resonant energy transfer mechanism was proposed
to be responsible for the Er’* sensitized nanosystem. Yb** with
the excited state overlapping with the *Li state of Er** could
extract the energy of Er** and consequently modulate the emission
properties of activators in the tri-doping (Er’*-Yb’*-Ln**)
system. High-level anticounterfeiting was demonstrated through
combining these nanocrystals with commonly used Yb**-
sensitized ones. At the same time, our group also reported a
series of Er’* sensitized nanocrystals (NaErFs:Ho**@NaYF,
and NaErF.@NaYF.: Nd*@NaYF.) with both excitation and
emissions located in the NIR-II window (Fig. 6(c)) [22]. Based
on the ratiometric fluorescence by combining the efficient
NIR-II upconversion emissions and H,O, sensing organic
chromophore probe IR1061, the microneedle patch sensor
(Fig. 6(d)) for in vivo inflammation dynamic detection was
developed (Fig. 6(e)). Subsequently, similar Er**-sensitized
results were further confirmed by Zhang and coworkers [45].
Developments up to now, although Er** ions as both sensitizers
and emitters show excellent luminescence intensity of up-
converison and downshifting, the luminescence intensities of
other activators sensitized by Er’* are relatively low due to the
inefficient energy transfer efficiencies from Er’* to activators
as well as the deleterious CR between Er’* and activators.
Further studies on fine doping and core/shell nanostructures
are still required in the future.

Alternatively, Tm’* is also reported as a newly developed
sensitizer. Two decent absorption peaks around 800 and 1,200 nm
(Fig. 5(b)) provide the possibility of designed energy transfer
process from Tm’* to activators. Jia introduced the blue
upconversion luminescence of only Tm** doped NaYF, nano-
crystals under an 800 nm laser excitation through ground state
absorption (GSA) and ESA, in which the luminescence intensity
would be sharply amplified after incorporating bridging ions
Yb* into the nanocrystals while keeping the excitation wavelength
at 800 nm [31]. The mechanism of the enhanced luminescence
intensity was demonstrated that electron energy on the *H,
state of Tm’* could be transferred to the °Fs; state of Yb**
through multi-phonon assisted process, followed by the
efficient back energy transfer from Yb** to Tm**. However, the

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 6 (a) Emission spectra of highly Er’* doped nanocrystals NaErF:0.5%Tm?*@NaYF, excited by 808, 980 and 1,532 nm lasers. The lower pictures
are results of in vivo fluorescence imaging. (b) The highly Er’* doped nanocrystals are used for imaging-guided tumor therapy. (c) Schematic illustration of
Er’" sensitized photon upconversion under 1,532 nm excitation. The proposed energy transfer pathway from Er’* to Ho®" is also shown here. (d) The
fabrication process, SEM and confocal laser scanning microscopy images of the microneedle patch. (e) The in vivo bioimaging experimental setup and
results of in vivo detection on H>O: concentration at different time. Reproduced with permission from Ref. [28], © Wiley-VCH 2017; Ref. [34], © American

Chemical Society 2018; and Ref. [22], © Wiley-VCH 2018.

relevant studies on these nanostructures are still confined to
spectral measurements due to their weaker emission intensities
than that of conversional Yb’* sensitized nanocrystals, which
implies that such Tm®* sensitization system under an 800 nm
laser excitation is still far from practical application.
Sometimes, weak GSA but strong ESA process of one
identical excitation wavelength under higher power density can
also induce considerable upconversion luminescence, usually
named as PA process. Based on this upconversion mechanism,
the only Tm’* doped nanocrystals excited at 1,064 nm can
emit upconverted luminescence at 800 nm (Fig. 7(a)) [54]. In
the design, the small GSA of 1,064 nm occurs through the
high energy tail or phonon sideband of the Tm*": *He¢>’Hs
transition centered at 1,200 nm. Then the electron energy
on °F, state relaxed from *Hs undergoes the efficient ESA1:
’F4>°F2;3 transition at 1,064 nm. Two CR processes, including
*Hs + *Hes >2 3Fs and *Ha + °F4 52 *Hs ~~ 2 3F4, further induce
the energy population of °F, state. After most Tm*" ions are
excited to the intermediate state °Fi, the efficiency of ESAI
will be indisputably promoted to amplify the population of
°Fa5 state, followed by the non-radiative relaxation process:
*Fa3 ~» *Hy, thus emitting strong upconversion fluorescence at
800 nm (Figs. 7(a) and 7(b)). The calculated quantum yield of
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8 nm nanocrystals doped with 1% Tm*" is estimated to be
0.046%. Although the utilities of the only Tm** doped nano-
crystals for cell imaging (Fig. 7(c)) and micro-lasing (Fig. 7(d))
[16] were demonstrated, one should notice that the energy
looping process is only observed at high excitation flux larger than
3 x 10> W/cm? in a confocal microscope, which is difficult for
large scale in vivo fluorescence imaging.

The Tm®* sensitized upconversion process can also be applied
to Ho* activator through resonant energy transfer from Tm?*
to Ho’* and a subsequent ESA process of Ho* under an 808 nm
laser excitation ((Fig. 7(e)). Taking advantage of the efficient
energy transfer process, Carvajal demonstrated that KLu(WO,)2:
Ho’*,Tm’* nanoparticles were able to combine controllable
heat release and upconversion thermometry permitting to
estimate its thermal resistance in air [30]. Recently, our group
found that Tm** could also activate upconversion and down-
shifting luminescence of Er** in codoped nanocrystals excited
by a 1,208 nm laser [20]. The quantum vyield of the downshifted
emission at 1,525 nm could reach up to 0.22%, which was
sufficient for the application on in vivo information storage
and decoding with high spatial resolution and large optical
multiplexed capacity (Fig. 7(f)). However, in this Tm® sensitiza-
tion system, the upconversion luminescence in visible range
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(a) The looping mechanism for only Tm** doped NaYFs nanocrystals excited by a 1,064 nm laser. (b) Schematic design for energy-looping

nanocrystals for imaging through brain tissue. (c) The Tm** doped nanocrystals are loaded into microbeads, which are located underneath a mouse brain
slice with different thickness (0.5 and 1 mm). The results indicate a good optical penetration of the bio-sample. Confocal imaging of live HeLa cell after
treatment with Tm** doped nanocrystals. (d) Schematic of excitation and lasing in NaYFsTm**-coated microbeads. TEM images are on the left bottom. (e) The
energy transfer channels from Tm** to Ho’* and Er*". (f) In vivo fluorescence imaging at 1,525 nm. f,, f3 and f; indicate the high signal to noise imaging by
using time-gated imaging system. fs and fs show the QR code image with longer fluorescence lifetime. f; is the fluorescence lifetime images. Reproduced
with permission from Ref. [54], © American Chemical Society 2016; Ref. [16], © Springer Nature 2018; and Ref. [20],© Wiley-VCH 2019.

is only spectrally measurable but hard for actual use.

Interestingly, lanthanide ion Ho*, a common activator with
green and red emissions, could also serve as a sensitizer to
populate its high excited states through GSA and ESA when
excited by an 1,150 nm laser [97]. With Er** codoping, the
characteristic peaks of Er** at 525, 550, and 658 nm appeared
obviously, straightforwardly suggesting the role of Ho* as a
sensitizer to activate the emissions of Er’*.

As is well known, because of the electric dipole-allowed 4f >
5d transition, Ce*" characterized broadband absorption from
250 to 450 nm has already been served as an efficient sensitizer
for both downshifting and downconversion luminescence of
Ln*. In 2013, Jang achieved highly bright multicolor-emitting
Na(Y/Gd)F«Ce/Tb/Eu@NaYF, nanocrystals with the particle
size less than 10 nm and quantum yield of 1.1%-6.9%, to
which a hand-held ultraviolet lamp (A = 254 nm) rather than
a laser was applied [57]. Gd’* in the host plays an important
role in enhancing emission intensity of Eu® and Tb** through
the more efficient energy transfer pathway: Ce**>Gd**>Ln’*.
When Nd** ions were used as emitters, downconversion of one

ultraviolet excitation photon occurred, resulting in one visible
photon and one NIR photon (Fig. 8(a)) [33]. After integrated into
a ¢-Si solar cell, the downconversion nanocrystals contribute
to a 1.2-fold enhancement in short-circuit current (Fig. 8(b)).
As a new independent excitation and energy transfer channel,
dual excitation and emission in a core-shell nanostructure
could be easily constructed for anticounterfeiting application
(Fig. 8(c)), in combination with upconversion ones [58, 98].
Recently, scientists have demonstrated the superiority of NIR II
fluorescence probes for bioimaging with high spatial resolution
and tissue penetration [99-101]. With this background, Chen
designed NIR II luminescence nanocrystals based on efficient
energy transfer from Ce’* to Er** (Em.: 1,525 nm) and Nd**
(Em.: 1,060 nm) in CaS nanocrystals with the Stokes shift near
1,100 nm (Fig. 8(d)) [32]. Although Ce’* sensitization provides
an alternative way for downshifting and downconversion
luminescence of Ln** with high quantum yields compared to
those of upconversion process (Table 1), the excitation source
with the wavelength located from 250 to 450 nm is harmful
and not very suitable for bio-samples.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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cells with and without nanocrystals coating layer. The samples were irradiated by a 254 nm UV lamp (7 mW/cm?). (c) Using dual excitation and emission
properties of a core-shell nanostructure based on Ce’* and Yb** sensitization system, anticounterfeiting application is confirmed. A 980 nm laser and a 254 nm
UV lamp are used. (d) Schematic for the detection of XA through XA/XOD enzymatic reaction based on Lipo-coated CaS: Ce*, Er’* nanoprobes. Reproduced
with permission from Ref. [33], © American Chemical Society 2017; Ref. [98], © The Royal Society of Chemistry 2019; and Ref. [32], © Wiley-VCH 2019.

Table1 Summary of lanthanide ions to sensitize the upconversion and downshifting luminescence of lanthanide activators
Excitation
wavelength  Sensitizer Activators Nanocrystals Applications Refs.
(nm)
9BOISO20 ypse Byt Tmdt, Ho™... NaYFeYb™/Ln®, NaYbEs Ln*, NaYFeYb*/Er* Live cell membrane imaging, (5 83,
(laser) in vivo bio imaging ... 84]
NaYF.Yb*/Nd**/Ln**@NaYF:Nd™, In vivo bioimaging, imaging-
808(/1271351{)7 40 Nd*  Er’,Tm*,Ho*... NaGdF:Yb’*/Ln**@NaGdF.+Nd*"/Yb*", guided combined photody- [2;’9?7’
NaGdF«Nd**@NaGdFaTm>/Yb** namic therapy ...
3+ 1T o3+ ard3+ NaErFs@NaYFs, NaErFa: Tm* @NaYFs, NaErFxHo**@NaYFs, . e [22,
808/3:36%’530 Er*t 5;3: %33 I;ri;: NaErF:@NaYFyNd*@NaYF;, NaYE¢Er"/Nd*, NaYFeEr®"/ ?J;gfg“ifgf?ﬁ:gi’n’” vivo bio- 5770,
P I Ty b, NaYFLEr' Ho™ /b & B8 --- 35, 45]
808/1,208 Tm®  Er* Ho™ Yb* NaYF4Er*/Tm*@NaYF,, NaHoFsTm*@NaYF,, NaYFzYb*™/ In vivo informayion storage and (20, 30]
(laser) > > " Tm**@NaYFs, KLu(WO4)2:Ho* /Tm?* decoding, thermometry ... >
1,150 (laser) Ho* Er**, Ho*"... NaYFs:Ho*", NaYF:Ho*"/Er** — [35]
PO 30 Na(Y/Gd)F4:Ce/Tb/Eu@NaYF,, . . . [32,33,
([2}5\;1;;510) Ce* 2‘33 R ETrb31Nd * NaYFaYb*/Ln™@NaGdFs:Ce™/Ln*, CaS:Ce™/Ln*, fl‘i’smlac"ugesie;;ng’s f)‘l‘a‘;ltcfl‘l’ior 57,58,
P PP NaGdFs:Ce**@NaGdF.:Nd** @NaYF, Py p & 98]

3.2 Organic dyes as sensitizers

To break the bottleneck of the inherently weak and narrowband
absorption of lanthanide jons, small molecule organic dyes with
large absorption cross section (1077-107'¢ cm?) are employed
as antenna to enhance the quantum yields and brightness of
upconversion nanocrystals. The seminal demonstration on
the dye sensitization concept was reported in 2012 (Fig. 9(a)),
where the extinction coefficient of the named dye IR-806 at
806 nm was about 5 x 10° times higher than that of NaYF.:
Yb**/Er’* nanocrystals at 975 nm [36]. The quantum yield of
the IR-806/nanocrystals was determined as 0.12%, slightly less
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than that of the non-sensitized oleylamine-coated nanocrystals
(0.3%). Considering the excellent absorption cross section
of the antenna IR-806, the broad spectral response in the
720-1,000 nm range from the dye-coated nanocrystals was
3,300 times higher than that of the non-dye-sensitized system.
After that, a series of dye-sensitized upconversion nanocrystals
with distinctive absorption ranges were developed to boost
lanthanide luminescence intensity.

However, because most of the excitation wavelengths of the
antennas are located around 800 nm (Table 2), the energy
transfer efficiency from organic dyes to Yb** with the maximal
absorption around 980 nm is not optimal. Therefore, to further

@ Springer | www.editorialmanager.com/nare/default.asp
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Table 2 Summary of representative organic dyes to sensitize the upconversion and downshifting luminescence of lanthanide activators

Excitation wavelength

(nm) Sensitizer Nanocrystals Applications Refs.
808 (laser) Cy787 NaYF4: Yb3+/Nd3+/Er3+*@NaYF4: Nd3+ Detection of ClO- [104]
808 (laser) IRDye 800CW NaYFy:Gd** @NaYF¢Yb*'/Er* @NaYFxNd*/Yb** ﬁfﬁiﬁi‘r’;’pﬁf Hg’ and photodyna- )
808 (laser) IR808 NaGdF4Yb* /Er**@NaGdF.:Yb* Detection of intracellular CIO- [103]
808 (laser) Cynn NaYF4:Yb*/Er*@NaYF:Nd* Detection of phosgene [105]
808 (laser) IR806 NaLuF.:Gd*/Yb*/Er* @NaYF, (or NaGdF.) — [42]
808 (laser) Cy-GSH NaYF4Yb*/Er**@NaYF4Nd** GSH imaging [106]
980 (laser) IR1061 NaYF.:Yb* /Tm**@NaYF.:Yb* — [63]
800 (laser) ICG NaYFs: Yb*'/Er**@NaYbFs@NaYF.:Nd** NIR-II region deep optical imaging ~ [107]
800 (laser) BODIPY-FL, Cy3.5,IR806 NaYF.::Yb**/Tm® Information security technology [108]
800 (laser) IR806 NaYF¢Yb*/Er* @NaYEs:Yb™ g ;‘;‘Odynam“ therapy and bioima- 1, g
800 (laser) ICG NaYFs Yb**/X*@NaYFs: Yb* (X =Er, Tmand Ho) ~ Photographic images [50]
800 (laser) IR808 NaYbFs:Tm*@NaYF:Nd* — [60]

improve the spectral overlap between organic dyes and Ln**,
Nd** sensitized nanocrystals with the superior absorption at
800 nm are applied. Combining the Nd** doped core/shell nano-
structures NaYF.:Yb*'/X**@NaYF.Yb*"/Nd** with ICG dye, the
upconversion luminescence intensity was enhanced by a factor
of 2 ~ 3 compared to that of ICG sensitized and only Yb** doped
nanocrystals NaYF.:Yb*/X**@NaYF.Yb* (Fig. 9(b)) [50]. As a
deeper mechanism investigation, Garfield et al. revealed that
heavy lanthanides, such as Gd**, could facilitate the population

of triplet state of dye antennas, resulting in the enhanced energy
transfer efficiency and amplified luminescence brightness of
dye-sensitized upconversion nanocrystals (Fig. 9(c)) [42].
Besides the doping compositions, the architectures of the
upconversion nanocrystals can also affect the energy transfer
efficiency from dyes to Ln**. Through subsequently coating
emitting layer (NaYFs: Yb**/Er’*) and energy absorption layer
(NaYF4Nd*/Yb**) with antenna 800CW on the surface of an
inert core (NaYFs Gd), the upconversion luminescence was
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enhanced by 2 times due to the shrunken distance between
sensitizers and activators [102]. Another important merit owe to
the easily functionalized organic dyes is that the dye-sensitized
upconversion nanosystem is favorably able to be designed for
targeted bio-sensing based on responsive antennas (Fig. 9(d))
[102-104]. Despite these efforts [105-109], some obstacles and
limitations of the dye-sensitized design, such as low spectral
overlap between antennas and lanthanide sensitizers, energy
dissipation of lanthanide sensitizers, the low photostability of
organic dyes, and relatively confined excitation wavelength
shorter than 1,000 nm for commercially available dyes, remain
big challenges.

3.3 QDs as sensitizers

Doping lanthanide with QDs is a prospering research field

Table 3 Summary of representative QDs to activate lanthanide luminescence

Nano Res. 2020, 13(7): 1795-1809

(Table 3). As early as 2002, Klik et. al reported the energy
transfer mechanism responsible for the Ln** luminescence in
semiconductor [68]. The lanthanide ions doping introduces
isoelectronic acceptor-like trap into host. These related traps
would capture electrons or holes generated from semiconductor
band-to-band excitation and binding with corresponding
carriers by Coulomb potential induced charge compensation.
Then the non-radiative recombination of these electron-hole
pairs from the trap leads to the excitation of lanthanide ions.
Over the past decade, spectral properties of lanthanides (Tb**,
Eu’* and Yb’) in various semiconductor nanoparticles host
matrix have been investigated, including ZnS [110], CdSe [69,
111] and PbIn.Ss (Fig. 10(a)) [112]. These studies combine
strong ultraviolet/visible broadband absorption with the sharp
lanthanide emission opens up a possibility of novel nano-

Excitation

wavelength (nm) Sensitizer Lanthanide component Applications Refs.
808 (laser) AgsSe NaYFsYb*™/Gd™/Er*@ NaYFiNd*/sYb™  Photoluminescence and PDT efficiency [41]
365 (light) CsPbCLBrI5-x-y Yb’Y, Nd**, Dy**, Tb*, Pr*', Ce** Solar cell application [39]
375 (laser) CsPbCls Yb** — [71]
275 (xenon lamp) CsPbBr3 Eu*', Tb* — [113]
440 (laser) InP@LnYF:@ShF; (Sh=Lu,Y)  Yb*, Nd* — [40]
405 (laser) PbIn,Ss Yb** — [112]
350/285 (unknown)  CdSe Yb*, Tb** — [69,111]
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Figure 10 (a) Selective exchange of Pb** for 2Na* cations in Yb*: NaIn$S; nanocrystals and near infrared spectrum of Yb**: PbIn,Ss nanocrystals under
405 nm excitation. (b) HAADF-STEM image of InP@Y1-<Yb:Fs;@LuF; core/shell/shell nanocrystals. Absorption (blue) and photoluminescence (Aex= 440 nm)
(red) of the core/shell/shell nanocrystals. Scale bar: 50 nm. (c) Schematic illustration (upper) of the energy transfer process in QDs sensitized Nd**/Yb**
co-doped upconversion nanocomposites and upconversion nanocrystals-QDs (lower) combined with photosensitizers (Rose Bengal) for photodynamic
therapy. (d) Absorption (purple) and photoluminescence (reddish yellow) spectra of Yb,Pr,Ce tri-doped CsPbClBr. QDs. The incident photon-to-current
conversion efficiency curves of a silicon (green) and CIGS (red) solar cell coated with Yb*, Pr**, Ce® tri-doped CsPbClBr, PQDs. (e) Comparison of time for fully
charging a mobile phone with a CIGS solar cell coated with Yb*', Pr**, Ce’* tri-doped CsPbClBr, PQDs and a CIGS solar cell alone under the irradiation of
sunlight. Inset: display of charging power and charging scene arrangement. Reproduced with permission from Ref. [112], © American Chemical Society
2017; Ref. [40], © American Chemical Society 2018; Ref. [41], © American Chemical Society 2019; and Ref. [39], © American Chemical Society 2019.

TSINGHUA

UNIVERSITY PRESS

@ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2020, 13(7): 1795-1809

phosphor. However, due to a poor affinity of lanthanide ions
and semiconductor lattices, incorporation of lanthanide is often
unfavorable and results in less than 10% concentration of
doping. The limited energy transfer efficiency reduces luminous
efficiency, thus making it impractical in real application.

Alternatively, separation between lanthanides doped nano-
hosts and QDs hosts can also induce effectual energy transfer
from QDs to rare earth ions. A. Paul Alivisatos reported the
first synthesis of core/shell/shell InP@Ln.Y.Fs@ShFs (Ln = Yb,
Nd; Sh = Lu, Y) nanostructures that exhibited a broad visible
absorption coupled to a sharp NIR emission (Fig. 10(b)) [40]. In
the nanocrystals, InP QDs were used as a light absorber and
Ln.Y:-F; acted as a light emitting layer, while the growing
outer layer ShF; served as a passivating shell to prevent surface
quenching. The photoluminescence quantum yield of 0.1%-
0.5% remained low due to the reduced wave function overlap
between the band-gap and the Yb-related trap state. The
coupling may be improved in the future through materials
selection and nanostructure tuning. Recently, Liu and co-workers
reported a nano-composition through anchoring Ag,Se quantum
dots on the surface of NaYF4Yb*, Gd*, Er’* nanocrystals to
achieve the efficient upconversion luminescence by the energy
transfer from QDs to Ln** under an 808 nm laser excitation
(Fig. 10(c)) [41]. A better ability of the synthesized composite
to induce cell apoptosis and inhibit tumor growth was
confirmed, further demonstrating the promising potential of
quantum dots for sensitizing lanthanide luminescence. Actually,
the structural stability and uniformity of the assembled nano-
composite still need to be improved.

Halide perovskite CsPbXs; QDs, emerging as a new class of
nanomaterials, have attracted extensive interests due to their
high photoluminescence quantum yields, broadband absorption,
and band gap tunability throughout the ultraviolet, visible,
and NIR spectrum via size control (the famous quantum size
effect) and compositional alloying [71]. Recently, researchers
have found that introduction of some rare earth ions with
near-infrared emissions into lattices of halide perovskite QDs
can exhibit the excellent optical properties of both Ln** ions
and the perovskite QDs [113, 114]. The extremely efficient
sensitization of Ln** luminescence in CsPbX; host performs
over 100% yields through the lattice defect participated quantum
cutting effect (Figs. 10(d) and 10(e)) [71]. Unfortunately, the
toxic component of halide perovskite and instability for water
and oxygen hinder the use in bio-application. Future research
on coupling lanthanide with compatible host of sufficient
conversion efficiency is still challenging and desirable.

4 Outlook and challenges

In this review, we surveyed and summarized recent progress
on exploring more efficient and practical sensitizers for the
upconversion and downshifting luminescence of lanthanide
doped nanocrystals. Several energy transfer pathways from
sensitizers to activators for lanthanide luminescence are
systematically introduced. Three kinds of energy absorbents and
donors, including Ln**, organic dyes and QDs, are discussed
successively. Up to now, various sensitizers summarized in
Tables 1-3 are developed to improve the luminescence perfor-
mance and strengthen their practicability. Benefiting from the
great efforts and contributions on the newly developed sensiti-
zation nanosystem, numerous applications, such as Tm** sensitized
NIR II excitation and NIR II emission nanocrystals for in vivo
fluorescence imaging and information decoding with deeper
tissue penetration and higher spatial resolution [20], target-
responsive dye to sensitize lanthanide luminescence for bio-
detection [103] and in vivo imaging with higher accuracy and
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signal-to-background ratio [106], are further promoted.

Although various sensitization units are demonstrated, lots
of problems and challenges still exist considering the real use
of these newly developed sensitization system in near future.
For lanthanide ions as sensitizers, except Yb** only having one
excited state, most sensitizers reported now possess abundant
energy levels, which will easily lead to multiple interactions
between neighboring ions (CR process) that probably accom-
panied by energy loss of excitation photons. So, for different
lanthanide sensitizers, correspondingly fine modulations on
doping concentrations, lanthanide distributions and core/multi-
shell nano-design to essentially enhance luminescence intensity
of upconversion and downshifting are eagerly desired. Recently,
scientists found that NIR II light showing little scattering when
traversing bio-tissue is more suitable for bioimaging with
higher resolution and penetration depth [65]. Apart from NIR
II fluorescence, this principle is also appropriate for excitation
source. When the NIR II lasers traverse bio-samples, the lower
scattering of excitation source will induce a higher power
density irradiating on the fluorescence probes at the deeper
tissue depth. That is to say, brighter emissions will be obtained
under NIR II lasers excitation. Actually, due to the absorption
of water around 1,200 and 1,500 nm, the now reported NIR II
excitation wavelengths (1,208 and 1,532 nm) are not the
optimal ones for in vivo bioimaging. Further investigations on
sensitizers, such as Dy** and Sm** ions both exhibiting intense
absorption around 1,100 nm (Fig. 5(b)), to avoid water absorption
of excitation source (wavelength range from 1,020 to 1,110 nm
in Fig. 5(a)) are still on the way.

The dye-sensitized lanthanide luminescence has already been
proposed for more than seven years, huge advancements on the
nanosystem for applications of bio-detection and bioimaging
have been witnessed. However, some challenges on this kind
of sensitization system are still disturbing us. One is the
photostability of organic dyes on the surface of lanthanide
doped nanomaterials. Although the luminescence performance
of dye-sensitized nanosystem is indeed improved, the measured
quantum vyields of these nanomaterials remain limited. For a
brighter emission, the excitation power density will be
increased inevitably to a higher level, which will cause serious
photobleaching, especially for applications of cell imaging
using microscope. So, further studies on designing more stable
organic dyes as antennas to sensitize lanthanide are pressingly
required. Another problem is about the energy transfer
efficiency from dyes to lanthanides that needs to improve.
The spectral overlap and physical distance between dyes
and lanthanides are two main factors that will influence the
sensitization efficiency. Engineering organic antennas and
screening suitable lanthanides as well as reasonable core/shell
nanostructures with larger spectral overlap and shortened
donor-acceptor distance may be more advantageous to improve
lanthanide luminescence in dye-sensitized nanosystem. Besides,
the number of organic molecular anchored on the surface of one
lanthanide doped nanocrystal can also affect the luminescence
intensity. Because the over-concentrated dyes around nanocrystals
will induce aggregation concentration quenching of organic
dyes as well as back energy transfer from lanthanides to dyes,
which is disadvantageous for lanthanides luminescence.

Lanthanide luminescence sensitized by QDs has reported
for decades. However, upconversion behavior, one typical
optical anti-Stokes property of Ln’* doped nanocrystals, has
not been reported so far [41]. The relative slow development on
these nanomaterials is mainly due to the following problems.
The first one is the general difficulty of incorporating Ln** in
quantum dots lattices. Ln** ions often possess larger coordination
numbers of six or greater, making incorporation at tetrahedral
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lattice sites such as the common binary chalcogenide/pnictide
semiconductors thermodynamically unfavorable. To mitigate the
problem, various methods such as cation exchange, optimized
QDs hosts, core/multi-shell structures and particles cross-
linking are proposed to promote the combination of QDs and
Ln’* for the sake of better luminescence intensity. The second
is bio-toxicity of QDs, which is a wheezy but important
problem that hinders widespread expansion of QDs and scares
away explorers. Certainly, the primary task for QDs sensitized
lanthanide luminescence is to make the luminescence intensity
strong enough for applications in the labs. Although Ln** doped
halide perovskite shows high quantum yields, the narrowness
of the absorption and stability of the perovshite host remain to be
solved. Despite these challenges, we believe that breakthroughs
on QDs sensitized lanthanide luminescence will be made in
the future.
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