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Controlling upconversion nanocrystals

for emerging applications

Bo Zhou', Bingyang Shi?, Dayong Jin?** and Xiaogang Liu'4s*

Lanthanide-doped upconversion nanocrystals enable anti-Stokes emission with pump intensities several orders of magnitude
lower than required by conventional nonlinear optical techniques. Their exceptional properties, namely large anti-Stokes shifts,
sharp emission spectra and long excited-state lifetimes, have led to a diversity of applications. Here, we review upconversion
nanocrystals from the perspective of fundamental concepts and examine the technical challenges in relation to emission colour
tuning and luminescence enhancement. In particular, we highlight the advances in functionalization strategies that enable the
broad utility of upconversion nanocrystals for multimodal imaging, cancer therapy, volumetric displays and photonics.

as an anti-Stokes emission in which the sequential absorption
of two or more low-energy photons leads to high-energy lumi-
nescent emission' . This concept was first conceived as a theoretical
possibility by the Dutch-American physicist Nicolaas Bloembergen
in 1959". His idea was to develop an infrared photon detector using
superexcitation, to count infrared photons through their interaction
with rare-earth or transition-metal ions embedded as impurities
in crystalline materials, and to do this in such a way that infra-
red wave quanta would be principally counted through sequential
absorptions in the successive excited levels of the given dopant ion.
Although the prospect of achieving photon upconversion appeared
promising, Bloembergen was unable to establish the validity of his
idea because of a lack of coherent pumping sources. Nonetheless, for
his pioneering work in the field of nonlinear optics, Bloembergen
was recognized with a share of the Nobel Prize in Physics in 1981.
With the advent of lasers and their associated fibre-based tech-
nology, the quest to exploit upconverted optical signals from inor-
ganic solids started in the mid-1960s in several groups. Notably,
the landmark experiment to witness upconverted visible emission
was reported in 1966 by Francois Auzel, and was based on energy
transfer through the use of Yb** to sensitize Er** and Tm** (ref. 1).
Such Yb?**-sensitized upconversion was also observed by Ovsyankin
and Feofilov independently in the same year®. Shortly afterwards,
upconverted green emission was achieved from the Yb**-~Ho** cou-
ple®. The field of photon upconversion has since inspired the design
of near-infrared (NIR) upconverters to generate visible light suit-
able for many areas of application'?. In the early days of develop-
ment, laser and optical technological advances were a compelling
application because upconversion lasing provides a simple alterna-
tive to nonlinear optical techniques for converting low energy laser
stimulation into high-energy and long-lasting visible emissions’.
Despite these important advances, the applications of upcon-
version materials in the biological and biomedical fields were still
unclear in the early days of investigation®. One major challenge was
to devise methods for making materials with tunable size and shape
as well as desirable surface characteristics that are compatible with
biological environments®®. As surface quenching of luminescence

P hoton upconversion is a nonlinear optical phenomenon known

by solvent molecules dominates in nanostructured phosphors'®',

synthesis of nanophosphors through lanthanide doping with pre-
cisely controlled concentrations, compositions and emission pro-
files could become extremely difficult. As it happens, this problem
has provided a strong motivation for the materials science commu-
nity. Indeed, much of the recent resurgence of upconversion came
from the widespread research on nanomaterials synthesis, in con-
junction with the pressing demand for next-generation luminescent
biomarkers">!>0,

In this Review, we focus on controlling photon upconversion in
lanthanide-doped nanocrystals and particularly recent experimen-
tal progress in using these optical nanomaterials in many areas of
investigation. We start with a brief introduction to the fundamental
aspects of the upconversion phenomenon, followed by a discussion
of the major limitations involving photon upconversion in nano-
structured materials. Next we give a more detailed description of
upcoming approaches that enable tailored emission colour and
enhanced conversion efficiency. An important emphasis is placed
on the integration of different functionalities for providing solutions
in specific application domains, such as biological imaging, molecu-
lar detection, drug delivery and optoelectronics. The final section
highlights key challenges, feasible improvements and perspectives
for future developments.

Fundamental considerations

In contrast to commonly used organic fluorophores and quantum
dots**, upconversion nanocrystals are composed of an inorganic
crystalline host matrix and trivalent lanthanide ions (Ln**) embed-
ded in the host lattice (Fig. 1a). Early investigations on lanthanide-
doped bulk materials enabled a profound comprehension of the
underlying physics to be attained"?*?. Unlike two-photon absorp-
tion and second-harmonic generation, photon upconversion fea-
tures sequential, rather than simultaneous, absorption of incident
photons. For efficient upconversion to proceed, physically exist-
ent intermediate states between the ground state and the emitting
state are required to act as energy reservoirs. The lanthanides’ 4f"
electronic configurations are split by appreciable electronic repul-
sion and spin-orbit coupling, leading to a rich energy-level pattern
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Figure 1| Lanthanide-doped nanoparticles and photon upconversion. a, A comparison of three distinct classes of luminescent nanomaterials: organic
dyes (left), semiconductor quantum dots (middle) and lanthanide-doped nanoparticles (right). In contrast to the two Stokes-type luminescent

nanomaterials, upconversion nanoparticles feature an anti-Stokes emission with photon energy higher than the excitation source (A,, > A,..). b, Electronic

energy level diagrams of trivalent Ln* ions in relation to upconversion processes. The 4f" electronic configuration splits into many energy sublevels due to
the strong effects of the Coulombic interaction and spin-orbit coupling as well as weak crystal-field perturbation. The energy levels are represented by the
symbol I, (where S, L, J are the total spin, orbital and angular momentum quantum number of the electron, respectively), and optical transitions among

these energy levels lead to abundant emission bands. In principle, a Ln** ion residing in an intermediate level |2) can be further promoted to an upper
emitting level |3) through absorption of another photon E,, (excited-state absorption (ESA) process), or through cooperative energy transfer between a
pair of excited ions with one ion being non-radiatively decayed to the ground state [1) (energy transfer upconversion (ETU) process). The right inset panel
shows that the realization of an efficient ETU process requires consideration of the sensitizer-activator distance (r;_,), and the spectral overlap between
sensitizer emission (f.5.(E)) and activator absorption (f,f.(E)) profiles. ¢, Typical Ln**-based upconversion emission bands covering a broad range of
wavelengths from ultraviolet (~290 nm) to NIR (~880 nm) and their corresponding main optical transitions.

(Fig. 1b). This attribute makes lanthanides ideal candidates for
achieving photon upconversion. The lanthanides’ 4f orbital elec-
trons are partially filled and shielded by outer 5s and 5p electrons,
giving rise to a weak electron-phonon coupling and hence sharp
emission lines resulting from electronic transitions®. The pho-
ton upconversion also greatly benefits from a crystalline host lat-
tice featuring a low phonon energy environment. For example, the
non-radiative decay rate of lanthanides by multiphonon relaxation
in such ionic crystals can be effectively suppressed. With the emer-
gence of nanotechnology, upconversion emission can be precisely
tuned to a particular wavelength spanning from the ultraviolet to
the NIR region (Fig. 1c).

In principle, the upconversion mechanisms involving lantha-
nides can be mainly categorized into four classes* excited-state
absorption (ESA), energy transfer upconversion (ETU), cooperative
sensitization upconversion (CSU) and photon avalanche (Box 1). It
should be noted that the energy conversion is strongly dominated
by the contributions of ETU. The ETU process typically occurs in
a sensitizer-activator (S-A) system (Fig. 1b and Box 1). In such a
system, the energy transfer from the sensitizer to the activator pop-
ulates not only the emitting levels but also the intermediate levels,

as evidenced in the case of Yb**-X?** (X = Er, Tm or Ho) couples.
According to Dexter’s theory?®, the energy transfer probability Wy_,
under a dipole-dipole interaction can be expressed by:

3h4c4
64mn* T

Qabs J‘ fem (E) fabs (E)

VSA

Ws_a=

where A, ¢, n, 74 and rg_, are Planck’s constant, the speed of light
in a vacuum, the refractive index, the intrinsic lifetime of the sen-
sitizer and the S-A separation, respectively; Q,,, is the integrated
absorption cross-section of the activator; f.5(E) and f,&(E) are the
normalized spectral line-shape functions of the emission band of
the sensitizer at excited levels ([f.3,(E)dE = 1) and the absorption
band of the activator at intermediate levels ([£,4(E)dE = 1), respec-
tively. Therefore, we can derive that the S-A distance (r;_,) and the
spectral overlap (the integration term in the above equation) are
the two critical parameters governing the energy transfer (Fig. 1b,
right panel). Another criterion for achieving efficient energy
transfer is the requirement of high absorbance (Q,,,) by the acti-
vator at the emission wavelength of the sensitizer. The Yb**~Er?*
couple is well suited to these requirements at 980 nm excitation.
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Box 1| Photon upconversion processes and dynamic analysis.

Photon upconversion of lanthanides (for example, Er*, Tm** and
Ho*) is usually realized by either ETU or ESA, in which there are
long-lived intermediate states to store the energy as shown below
(panels a and b). In comparison, in the absence of such physically
existent intermediate states (for example, Tb*") photon upcon-
version can be achieved by CSU (panel ¢)'*° or by energy migra-
tion (EM)-mediated upconversion within a core-shell structure'
(panel d). Note that in the case of the energy migration approach,
Tm* is generally employed as a ladder (L) to assist energy transfer
(ET) from a sensitizer ion (S) to a migratory ion (M) and then an
activator ion (A)". Here, it should be pointed out that the extensively
studied photon avalanche effect in bulk materials is seldom observed
in upconversion nanocrystals. This might be due to the stringent
conditions required for the establishment of an avalanche regime'*.

To probe the factor governing photon upconversion, we employ
an ETU-based model as an example (panel e). In this model, it is
assumed that all the activators residing in the emitting level con-
tribute to the upconversion emission, and non-radiative decay
processes in all excited states of both the sensitizer and activator
ions are excluded. The populations of these states can be described
by the following rate equations:
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dn3
dt

where 7, (i = 1-5) denotes the population of ions at five differ-
ent energy levels, 7; (j = 2,3,5) denotes the lifetime of the excited
energy level, and @, Wy, Wy, represent the effective pump rate
and the coefficients of ET (labelled with 1) and ETU (labelled
with 2) processes, respectively. Under a steady-state condition,
the quantum yield (QY), defined as the ratio of the number of
photons emitted to that of photons absorbed, can be obtained by
the following relation:

=Werynshy-137 113

Az 1

(DPI’l4 - 2

QY=

L (L mo1 _s)
Dp \ T2 M4 T5 My
where A, is the spontaneous transition rate of the activator from
the emitting level to the ground state. Hence, a high quantum
yield requires a large effective pump rate and low populations of
the sensitizer and activator in the excited state and intermediate
state, respectively. The quantum yield can also be improved by
using an activator with a long-lifetime intermediate state. From
the equation for QY above, one can find that the limit of quan-

dn
S = Opny—-1s~1ns - Wepnsn - Weryhsiy tum yield for an ideal two-photon upconversion is close to 50%.
dt However, the values of quantum yield measured through the
use of an integrating sphere are typically low, for example, 0.1%
dn, —Werhsiy -1y lny-Weruhsy for 30 nm NaYF,:Yb,Er particles®, indicating that the surface
dt quenching effect dominates in small-sized nanoparticles.
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If there was an energy mismatch, W_, would decrease exponen-
tially, depending on the magnitude of the mismatch. However,
it could be partially compensated by the participation of matrix
phonons, which can bridge the energy gap if it is not too large, as
is the case with Yb**~Tm?*" and Yb**~Ho?* couples. This process is
termed phonon-assisted energy transfer.

Using the well-established rate equation model (Box 1) for
lanthanide-doped bulk materials and devices', photon upcon-
version and its dynamic process in nanocrystals can be quantita-
tively predicted”. The microscopic parameters in the rate equation
model can be approximately determined by Judd-Ofelt theory*?.

926

Importantly, recent developments in computational methods have
permitted robust design of complex materials systems and accurate
prediction of new properties by including subtle electronic pertur-
bations in the physical characteristics of these materials®**. For
example, a kinetic model for elucidating the mechanism underlying
spectrally pure emission has been developed by taking into account
all possible absorption and radiative or non-radiative energy
transfer®. With magnetic dipole transitions factored in, a detailed
free-ion Hamiltonian can be used to quantify the magnetic compo-
nent of light emission in trivalent lanthanides®. Combining these
quantum-mechanical calculations with experimental results allows
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the understanding of upconversion mechanisms involving 4f orbital
electrons in a much greater level of detail than in the past.

To obtain high-quality upconversion nanocrystals, many efforts
have been devoted to developing facile synthetic methods®, such
as co-precipitation®, thermal decomposition'®, hydro(solvo)ther-
mal synthesis®, sol-gel** and microwave-assisted synthesis*. As a
result, a wealth of compounds ranging from oxides (for example,
Y,0;, ZnO and Yb,ALO,,)** to fluorides (for example, CaF,,
NaYF, and KMnF,)** have been synthesized and studied as host
materials, among which hexagonal-phase NaYF, was acknowledged
to be one of the most efficient upconversion hosts*'. The availabil-
ity of these versatile, readily scalable methods builds up the solid
foundation necessary to implement the commercialization of
upconversion nanomaterials.

Controlling photon upconversion

The upconversion emission of lanthanide-doped nanocrystals
can be precisely controlled, in terms of emission colour, lifetime
and intensity, for both advanced research and diverse practical
applications.

Upconversion luminescence enhancement. Photon upconversion
is an anti-Stokes-type emission, which is generally more complex
than a Stokes-type emission. In a typical S—A-coupled nanocrystal
system, the upconversion process is primarily governed by the fol-
lowing conditions: (1) the sensitizer’s absorption capacity on excita-
tion energy; (2) energy transfer efficiency from the sensitizer to the
activator; (3) the radiative transition probability of the activator from
the emitting state to a specific energy state; and (4) luminescence
quenching effects.

For a nanoparticle with a large amount of activators doped at
the surface, quenching of upconversion luminescence is inevitable,
leading to an upconversion efficiency that is much smaller than
that using its bulk counterpart'*2. An effective solution is to grow
epitaxial shell layers by which the surface quenching effect can be
largely minimized'®'***#, Such surface-protection strategies have
been extensively applied to heterogeneous core-shell structures such
as NaYF,@NaGdF,, NaYF,@CaF, and CaF,@NaYF, (refs 32,44,45).
In this approach, the epitaxial growth of high-quality shell layers
with less defective sites at the interface of the core-shell region is of
critical importance*>*+4,

Another interesting approach to enhancing photon upconversion
is harnessing the effect of surface plasmon resonance (SPR). Noble
metal nanoparticles such as gold and silver are frequently utilized.
Note that the size and shape of the metal nanoparticles, as well as
their distance to the luminescent centre are vital factors in regulating
the band intensity and wavelength of SPR**. Thus, many schemes
have been explored to tune and optimize the interaction between
the metal and upconversion nanoparticles. These include the coat-
ing of a metal shell on the surface of upconversion nanoparticles®,
a double-shell coating comprising an intermediate SiO, layer and
an outer metal layer®, the coupling of Au nanoparticles to upcon-
version nanoparticles®, the multilayer fabrication of close-packed
upconversion and metal nanoparticles®, and the construction of 3D
plasmonic nanoantennas®.

Recent experimental investigations suggest that upconversion
luminescence can be enhanced by manipulating the local crystal
field around the activators by codoping Li* or Sc** into a lanthanide-
based nanocrystal'®*. The large size mismatch between the dopant
and the host is likely to cause local distortion in the crystal lat-
tice, allowing the site symmetry of the activators to be reduced.
Consequently, this may lead to an increase in the probability of
intra-4f optical transitions. Other notable strategies include broad-
band or super-high power excitation®*®, energy clustering at the
sublattice®® and sensitization amplification through the use of syn-
thetic infrared dyes'>””. The Yb**~-MoO,* dimer?® or a metal-coated
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cantilever®® have been proposed and experimentally validated for
enhanced upconversion emission. However, it is noteworthy that
their underlying mechanisms remain debatable, and claims of
improved efficiency need to be verified and held to a robust stand-
ard®*®. It remains to be seen what further applications will benefit
from the enhancement of upconversion luminescence.

Photon upconversion tuning. For applications in full-colour dis-
plays and multiplexed encoding, precise control over the emission
profiles of upconversion nanocrystals in the form of emission colour
and lifetime is required. The core-shell strategy, frequently used for
nanoparticles with enhanced emission intensity, can also be adopted
to allow fine tuning of the emission colour®. One difficulty with
this is the stringent control of the shell thickness that is required to
produce a colour of high chromatic purity. Alternatively, controlling
dopant composition® and concentration'’, power density*, host lat-
tice® and excitation wavelength® of the nanocrystals provides con-
venient solutions tailored to their respective emission requirements.
In view of the lanthanides” ladder-like electronic energy structure,
control of energy transfer by means of selective doping can be used
to modulate the energy population process and thus the emission
colour. For instance, the incorporation of Ce** into Ho**-doped host
lattices, either in nanoparticle or bulk form, leads to a marked change
in emission colour from green to red. On a separate note, fine tuning
of upconversion emission can be achieved using activators without
long-lived intermediary energy states through energy-migration-
mediated upconversion in core-shell structures'. This study was
inspired by the ability of a gadolinium sublattice to mediate energy
exchange over long-distance migration®.

Exploiting new frontiers and applications

Over the past decade, research on upconversion nanocrystals has
made tremendous progress, particularly in the realm of bioapplica-
tions, such as imaging, sensing and cancer therapy, because of their
outstanding merits, such as multicolour emission capability under
single-wavelength excitation, high signal-to-noise ratio, low cyto-
toxicity, and high chemical- and photo-stability®*". As there are a
number of related reviews already published regarding the applica-
tion of upconversion nanocrystals in the area of bioapplications?',
herein we plan to focus on key developments of new properties and
exploitation of these properties for emerging applications.

In 2009, non-blinking and photostable upconversion lumi-
nescence was first demonstrated on a single NaYF,:Yb,Er nano-
particle (Fig. 2a)”>. A similar design involving a series of ultrasmall
NaYF,:Yb,Er nanoparticles was later conceived to realize single-
molecule tracking and imaging”. In 2010, a rewritable optical
storage system with nondestructive readout was developed by Yan
and co-workers', built on upconversion luminescence modula-
tion of ordered nanopatterns comprising NaYF,:Yb,Er nanoparti-
cles (Fig. 2b). By making use of lanthanide-doped photocatalytic
nanomaterials (for example, TiO,:Er) or combining upconversion
nanocrystals with plasmonic and semiconductor nanomaterials,
NIR light photocatalysis has been demonstrated by a handful of
research groups” . Another notable development was the fabri-
cation of a NIR-light-responsive transistor by sandwiching a com-
posite layer, consisting of 3D photonic crystals and NaYF,:Yb,Tm
nanoparticles, between a glass substrate and carbon nanotube thin
films”™. The NIR light sensitivity was about ten times higher than the
control obtained with carbon nanotubes alone.

Recently, photon upconversion techniques have allowed research-
ers to implement fibre-optic sensing with ultrahigh sensitivities. For
example, Jin and co-workers demonstrated remote sensing of a sin-
gle nanoparticle travelling inside a microstructure optical fibre, with
three orders of magnitude improvement over the sensitivity achieved
by quantum dot-based techniques®. By deploying Er**-doped nano-
particles in optical devices, upconversion lasing and infrared signal
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Figure 2 | Selective milestones in multifunctionalization of upconversion nanoparticles for emerging applications. a, Confocal imaging of NaYF,:Yb,Er
nanoparticles at the single-particle level. The colour scale represents photon counts. b, Rewritable optical storage enabled by patterned NIR-light-
responsive nanoparticles. Scanning electron microscope image (top) and luminescence mapping image (bottom) of patterned substrates consisting of
NaYF,Yb,Er nanoparticles. The colour scale represents the photoluminescence intensity. ¢, Lasing and waveguide amplifier using the nanoparticles as
gain media. Top: Photographs of the NaYF,:Yb,Er@NaYF,-containing microcavity before (left) and after (right) pulsed laser excitation at 980 nm. Bottom:
Scanning electron microscope image of the waveguide device modified with BaYF.:Yb,Er@BaYFs nanoparticles. d, Latent fingerprinting through the use of
NaYF,Yb,Er nanoparticles. e, Red-green-blue (RGB) printing involving nanoparticle inks. Top: Schematic design for creating secondary colours (left) and
the corresponding image of the experimental result (right). Bottom: Multicolour barcode printing using NaYF,:Yb,Er(Tm) nanoparticles. f, Demonstration
of document security printing, made possible by three sets of lifetime encoded NaYF,:Yb,Tm nanoparticles. The overlaid patterns (top) printed with
nanocrystals having three distinct lifetimes can be decoded (bottom) by a time-resolved confocal fluorescence microscope equipped with a 980 nm laser.
g, In vivo whole-body 3D imaging involving single-photon emission computed tomography (SPECT) through the use of »*Sm-radioactivated NalLuF,:Yb,Tm

nanoparticles. h, Self-assembly of fluoride-based nanoplates. Top: Electron microscope image of a 2D superlattice of DyF; rhombohedral nanoplates.
Bottom: Small-angle (left) and wide-angle (right) electron diffraction patterns of the superlattice. i, Multicolour barcoding through single particles.

Top: Optical micrograph of dual-colour-banded single-crystalline microrods. Bottom: Luminescence image of multicolour-banded rod-shaped particles
fabricated by microfluidic devices. j, Full-colour volumetric 3D display using pulse-duration-sensitive nanoparticles. Figure reproduced with permission
from: a, ref. 72, NAS,; b, ref. 14, Wiley; ¢ (top), ref. 78, American Chemical Society; ¢ (bottom), ref. 39, RSC; d, ref. 79, Wiley; e, ref. 80, RSC,; f, ref. 17, Nature
Publishing Group; g, ref. 94, Elsevier; h, ref. 96, Nature Publishing Group; i (top), ref. 97, American Chemical Society; i (bottom), ref. 98, Nature Publishing

Group; j, ref. 19, Nature Publishing Group.

amplification could be achieved (Fig. 2¢)®*, making upconversion
nanomaterials suitable as optical gain medium in optoelectron-
ics. Important advances in utilizing upconversion nanoparticles as
inks for security applications, such as latent fingerprinting (Fig. 2d)
and quick response code printing (Fig. 2e), have also been demon-
strated’”**. Shining a beam of NIR light over the printed area con-
verts the covert inks into a visible pattern. This printing scheme adds
another level of security, providing an innovative means for data
protection and identification.

It is well established that lanthanide-doped nanoparticles can
support down-conversion emissions over broad spectral ranges,
for example, the blue-to-infrared emission through the Pr¥*-Yb**
couple®’. Strategies of combining both up- and down-conversion
hold promise for improving the conversion efficiency of exist-
ing photovoltaic installations by maximizing the use of sunlight
in the infrared and ultraviolet-visible spectral region®*. Apart
from spectral fingerprints, the different lifetime decay rates (from
us to ms) of upconversion nanocrystals under a single-wavelength
excitation can be utilized as a new dimension for multiplexing in the

time domain — a rarely explored parameter readily extendable to
the development of anti-counterfeiting measures, security and data
storage technology'”*-% (Fig. 2f).

Meanwhile, developing new functions necessitates the utili-
zation of the unique properties of Ln®* ions. As an example, the
green emission of Er** shows a highly sensitive spectral response
in the form of peak intensity ratio or emission wavelength to tem-
perature and pressure, suggesting the potential use of Er**-doped
nanoparticles for applications such as ultrasensitive thermometers
or pressure sensors’**"?2. Furthermore, the ability to precisely
tune upconversion emission in Ln**-doped NaGdF, nanoparticles
through external magnetic manipulation offers new opportunities
for the detection of magnetic fields with sensitivity comparable to
conventional magnetometers of equivalent spatial resolution®. By
introducing a small amount of radioactive '*Sm into NaYF,:Yb,Tm
nanoparticles, single-photon emission computed tomography
(SPECT) imaging is achievable®, allowing for optical and SPECT
dual-modal imaging (Fig. 2g). The high X-ray absorption coefhi-
cient of lutetium makes NaLuF, a promising candidate as a contrast
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agent in X-ray computed tomography (CT) imaging®. By control-
ling the shape of nanocrystals and their interactions, formation of
nanocrystal superlattices has been successfully realized (Fig. 2h)*.

Through control over the crystal growth by hydrothermal syn-
thesis, Zhang et al.”” prepared a series of single-crystalline micro-
rods that can emit different colour patterns by varying precursor
composition from the centre to the ends (Fig. 2i, top). In contrast,
Doyle and co-workers* fabricated a unique encoding architecture
by micropatterning spectrally distinct upconversion nanocrystals
and demonstrated large, exponentially scalable encoding capacities
(>10° particles) with an ultralow decoding false-alarm rate (<10~%)
(Fig. 2i, bottom). The design flexibility afforded by micropattern-
ing allows for the possibility of optical barcoding for applications
in anti-counterfeiting and multiplexed labelling. Most recently,
Deng et al.'” devised a new class of upconversion nanocrystals with
a multilayer core-shell nanostructure by which the emission colour
of the nanocrystals can be dynamically modulated by controlling
the pulse duration of the excitation laser (Fig. 2j), suggesting their
utility for full-colour volumetric 3D displays'*®. Table 1 provides
an overview of the major advances and challenges in the field of
upconversion nanocrystals.

Developing integrated strategies

To realize the myriad of opportunities for upconversion nano-
crystals, readily scalable, hybrid materials need to be synthesized
through an integrated approach whereby different structural con-
stituents collectively contribute to the same challenge>**. In this
section, important recent advances in synthetic routes to mass
production of multifunctional upconversion nanocrystals will be
highlighted. The integration of upconversion nanocrystals with
other functional materials by chemical approaches, including sur-
face modification and functionalization, doping of semiconductor
nanocrystals, core-shell processing and controlled nanocrystal
assembly, is an indispensable element.

Surface modification and functionalization. Upconversion
nanocrystals are usually synthesized by reacting lanthanide precur-
sors in organic media in the presence of capping ligands for the ben-
efit of size and shape uniformity. These nanocrystals are often heavily
aggregated in aqueous solutions owing to the hydrophobic nature of
the capping ligands, typically introduced during chemical synthesis
to keep the crystals colloidally stable as they grow in organic media.
To this end, surface modification techniques can be employed to
render the nanocrystals hydrophilic and amenable for bioconjuga-
tion. Removal of the capping ligands, through either treatment with
a strong acid' or an excess of ethanol'”, provides a direct solution
for dispersion of the nanocrystals in aqueous media. Alternatively,
post-treatment routes, based on layer-by-layer assembly®, opti-
mized silanization chemistry'”, ligand exchange'®> and polymer
encapsulation'®'", can lead to hydrophilic coatings at the crystal
surface. In some special cases, where the capping ligands contain
an alkene functional group with at least one hydrogen located at the
double bond, it is possible to obtain water-soluble nanoparticles by
means of direct conversion of the double bond into carboxylic acid
with neutral or acidic permanganate'*'%,

Despite including a post-treatment for improved dissolution
properties of upconversion nanocrystals, implementing the afore-
mentioned approaches can be a tedious task because of the need
for multistep processes involving product purification at various
steps. In this regard, the synthesis of water-dispersible upconver-
sion nanocrystals through one-pot processing is highly desirable.
A particularly noteworthy aspect of this approach is the challenge
of simultaneous control of crystallization and surface wetting char-
acteristics. Recently, water-soluble NaYF,:Yb,Er nanoparticles were
successfully prepared by a facile one-pot hydrothermal synthesis'®.
A mixture of 11-aminoundecanoic acid and folic acid is the material
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of choice as surfactants to control the particle growth. This method
simplifies the synthetic process relative to the multi-stage process-
ing routes, but usually lacks precise control over the structure and
morphology of the resultant nanomaterials.

Doping of semiconductor nanocrystals. Taking into account the
fascinating physical properties of semiconductor nanocrystals,
direct doping of lanthanides into the semiconductor nanocrystals
is likely to impart additional functionalities and improved opti-
cal performance. For example, Er**-doped ZnO nanocrystals
that exhibit visible emission under NIR light stimulation may
find important applications in electroluminescent devices®'”".
In another study, photovoltaic devices made of Ln**-doped TiO,
nanomaterials showed a marked increase in energy conversion effi-
ciency owing to enhancement of the NIR sunlight harvesting by
lanthanide activators™.

Gadolinium-based  upconversion nanocrystals, such as
NaGdF,:Yb,Er, do possess magnetic properties, but they typically
have much lower magnetization strength than conventional mag-
netic materials, such as iron oxide. An interesting task is to dope lan-
thanides directly into magnetic nanoparticles in an attempt to access
dual upconversion and magnetic functions. For example, photo-
luminescence was observed in Tb**-doped y-Fe,O, nanoparticles'®.
In a recent twist'®, Yb*",Er**-codoped SnO, nanomaterials showed
paramagnetic behaviour, possibly arising from the strong exchange
interaction between the unpaired electrons of lanthanides and the
conduction electrons of n-type SnO,.

Although photon upconversion is accessible in lanthanide-
doped semiconductor nanocrystals, their luminescence intensities
are much weaker than those obtained from fluoride nanocrystals of
comparable size. The hardest part of investigations lies in the homo-
geneous incorporation of lanthanides into semiconductor host lat-
tices. In most instances, lanthanides turned out to be bound to only
the particle surfaces because of the charge mismatches and the large
size discrepancy between the lanthanides and host cations'°.

Core-shell processing. The core-shell approach for assembling
upconversion nanocrystals with other types of functional nano-
materials has proven effective in preparing multifunctional nano-
materials, such as magneto-upconversion supernanoparticles.
Superparamagnetic Fe,O, nanoparticles that can be magnetized
strongly under the influence of an applied magnetic field have
been suggested as prime candidates for magnetic resonance imag-
ing (MRI) and X-ray CT applications'""* (Fig. 3a,b). The magnetic
feature of upconversion nanocrystals can be introduced by direct
coating with a thin layer of Fe,O, materials'’®>. However, the photon
absorption by the Fe,O, shell gives rise to slightly weakened emis-
sions. This constraint may be partially satisfied by choosing Fe,0O, as
the core together with a high-quality upconversion shell (Fig. 3¢). In
some cases, a thin layer of silica may be employed as an inner shell
designed to mitigate the unwanted energy transfer from the upcon-
version nanocrystal to the magnetic core''. The trilayer core—shell
strategy has proven effective, particularly when the size of the upcon-
version nanocrystal under study is much smaller than the magnetic
core'”®. As the maximum imaging depth is limited by the allowed
excitation and emission wavelengths of upconversion nanocrystals,
it is obvious that the addition of magnetic components could consti-
tute a combined platform for multi-modal imaging with maximum
luminescence and penetration depth'®!'¢ (Fig. 3d-f).

The interaction between the core and shell components may offer
a viable approach to tuning photon upconversion. This is exempli-
fied by a recent work by Sharma et al.'"’, who demonstrated electri-
cally controllable fluorescence switching by coating SiO,-modified
NaYF,:Yb,Er nanoparticles with a shell layer of redox-active sodium
polyoxometalate. Similarly, a dual plasmon-upconversion func-
tion can be adopted by using noble metal-coupled upconversion
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Table 1| Advances and challenges in upconversion nanocrystals for various applications.

Application Example Size (nm) Recent advances Challenges References
Bioimaging
In vitro cell and tissue Y,0,S:Yb,Er(Tm) 200-400 Single-molecule imaging with Imaging depths beyond 2cm;  64,65,72,73,95
imaging NaYF ,:Yb,Er(Tm) 18-30 sub-10 nm nanoparticles; highly  mitigation of emission loss
In vivo organism and Y,05Yb,Er 50-250 specific staining and imaging in ultrasmall nanoparticles;
animal imaging NaYF,:Yb,Er(Tm) 34 of Hela cells; in vivo NIR-to- implementation of integrated
Fluorescence diffuse NaYF,:YbTm 42 NIR @agmg; apphca}ble for cqnfocal and hlgh—resol'utlon
) multimodal magnetic resonance microscopy set-up; 3D image
optical tomography . . A i
i i i imaging and X-ray computed rendering capability
Multimodal imaging NaGdF ,:Yb,Er 20-41 tomography imaging
NaLuF,:Yb,Tm 17
Biodetection
Invivo and Y,0,S:Yb,Er(Tm) 480+30* Single-particle sensitivity in Stabilization of nanoparticles  55,66-68
in vitro detection of Na(Y,sNags)Fe:Yb,Er 50 complex media; ultralow limits of in physiological buffers for
biomolecules NaYF,:Yb,Er 40 detection (Ingpl” for DNAand  long-term usage; facile control
0.1pgul™ for human chorionic over particle bioconjugation;
gonadotropin); can be extended  enhancement of sensing limit
to multiplexed biosensing and precision
Cancer therapy
Drugand gene delivery ~ NaYF,:Yb,Er 30-100 Used for real-time monitoring Precise control of target- 69-71
NaYbF,:Er 21.7 and remote control of drug specific drug release;
transport and release; can assessment of tumour or
Photodynamic and NaYF,:Yb,Er 40-50 be used in multimodal tissue treatment at substantial
photothermal therapies  NaGdF,:Yb,Er 60 photothermal and photodynamic depths; improvement of
therapy; capable of combining particle loading efficiency and
several imaging modalities biostability
Energy conversion
Solar cells NaYF ,:Yb,Er(Tm) 16 Successful demonstration of Light harvesting in the NIR 16,18,86,87
NaYF,:Yb,Er 400 solar device integration with spectral range; pushing the
NaYF ,:Er’ 70-80;300-500 up-and down-converters; limit for photon upconversion
encouraging results on enhanced using sunlight irradiation;
photovoltaic performance under  device configuration
simulated sunlight irradiation optimization for maximum
energy conversion
Photocatalysis, water TiO,:Er <15 Successful photocatalysis Rational structural design 74-76
splitting, and so on NaYF,:Yb,Er 20-50 under NIR sunlight irradiation; of integrated systems for
photoelectrochemical water- enhanced photocatalytic
splitting achievable with NIR performance
laser irradiation
Displays
RGB displays, 3D NaYF ,:Yb,Er,Gd 300 Tunable RGB and white-light Real-time, direct-view 13,19,99
displays, and so on NaYF,-based multishell 30-44 output; volumetric full-colour multicolour rendering;
particles* display accessible; high enhanced colour saturation
spatial resolution and locally and image display quality
addressable colour gamut under low power laser
manipulation; large-scale
display capability with high
spatial and temporal resolution
Others
Security, barcoding, NaYF ,:Yb,Er(Tm) 35-45 Rewritable optical storage; Compact, portable read-out 14,17,78-80,96
optical storage, NaYF,:Yb,Er(Tm) 40 multicolour upconversion lasing  systems with large encoding
upconversion lasers, TbF; 30 capability; security printing with  capacity; cost-effective devices

RGB printing, thermal
sensing, assembly, and
soon

upconversion ink; multiplexed
encoding addressability, and
soon

with fast response and high
sensitivity

*Measured after silica coating. "Nanorods with a dimension of 70-80 nm in diameter and approximately 300-500 nm in length. #With a structural composition of NaYF,:Nd,Yb@NaYF,:Yb,Tm@NaYF,@
NaYF,.Yb,Ho,Ce@NaYF,. RGB, red-green-blue.

nanocrystals**!'s. With their combination of different modalities,
hybrid upconversion systems have potential in various applications,
including solar-energy harvesting and conversion''?, photothermal

therapy'®, X-ray CT and MRI (ref. 48), and biosensing'?'.

930

Following

core-shell
particles can be equipped with NIR-mediated photocatalytic
capability on coating with a shell of TiO, or CdS material'?*'%.

processing, upconversion  nano-

When NaYFE,;:Yb,Er@TiO, core-shell nanoparticles are used as
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Figure 3 | Magnetism-coupling of upconversion nanocrystals through core-shell structuring for biomedical applications. a, Working principle of
magnetic resonance imaging (MRI). The processing nuclei with the Larmor frequency of w, (w, = yB,, where y is the gyromagnetic ratio) at external
constant magnetic field (B,) can absorb the energy when the radiofrequency (RF) w of the applied pulse B,(w) equals w,, resulting in an energy increase
AE (AE = hw,, where h is the reduced Planck constant). After switching off B;(w), the magnetization vector with longitudinal M, and transverse M,
components will return to its equilibrium state independently with characteristic T, and T, (spin-lattice and spin-spin relaxation times, respectively).

b, In vivo T;- and T,-weighted magnetic resonance imaging using Fe;O, nanoparticles. The colour scale represents image brightness. ¢, Transmission
electron microscope images of NaYF,.Yb,Er@Fe;0O, (top) and Fe;O,@NaLuF,:Yb,Er (bottom) nanoparticles. d, In vivo magnetic resonance imaging of
the armpit region of a mouse before and 10 min after the injection with NaYF,:Yb,Tm@Fe;O, nanoparticles (1.5 mgkg™), and the corresponding colour-
mapped images. The colour scale shows the recorded intensity of the magnetic field. e, In vivo computed tomography volume-rendered imaging of the
tumour-bearing mouse before and 30 min after intratumoral injection of Fe,O,@NaLuF ,:Yb,Er nanoparticles (1.5 mg kg™). The location of the tumour is
marked by red circles. f, Schematic (top) and experimental results (bottom) of doxorubicin (DOX) drug delivery to tumour cells using DOX-modified
Fe;O,@NaYF,:Yb,Er nanoparticles. The experimental data suggest that an improved imaging resolution can be obtained with the magnetic field (MF;
bottom right) compared with that without the magnetic field (bottom left). Figure reproduced with permission from: b, ref. 112, Wiley; ¢ (top),d, ref. 113,
Elsevier; ¢ (bottom),e, ref. 116, Elsevier; f (bottom), ref. 114, American Chemical Society.

photoelectrodes in dye-sensitized solar cells with large band-
gaps, the energy conversion efficiency of the photovoltaic devices
can be considerably improved owing to the effective harvesting
of sub-bandgap photons by the NaYF,:Yb,Er component and its
unique ability to convert the energy to ultraviolet-visible light for
TiO, absorption®',

A core-shell interfacial layer provides an important tool in tai-
loring composite functions, especially in situations where direct
attachment of two disparate components is not an option. The
most challenging technical assignment perhaps lies in the rational
design and synthesis of the core-shell structure, while retaining the
characteristic function of each building block. Some useful models
have been developed, but the design of such systems is generally
dominated by repeated trials of various reactions.

Controlled nanocrystal assembly. Co-assembling upconversion
nanocrystals with other types of nanostructured building blocks
offers the possibility of fabricating new classes of composite nano-
materials. When two functional components are comparable in
size or difficult to combine via epitaxial growth, scalable assembly
through direct conjugation has proven to be ideal for producing

higher-order architectures with combined dual functionalities. For
example, Fe,O, nanoparticles pre-modified with dopamine can be
immobilized onto poly(acrylic acid)-coupled NaYF,:Yb,Er nano-
particles by a condensation reaction between the amino and car-
boxylic acid groups'®. Building on the effect of crosslinking with
1,10-decanedicarboxylic acid (or 11l-mercaptoundecanoic acid)
molecules, a one-pot method was developed for the synthesis of
Fe;O,-coupled NaYF,:Yb,Er nanocrystals'*. The patterning of
magneto-upconversion superparticles could be readily achieved
through magnetic manipulation'”.

Interestingly, oleic acid-capped NaYF,:Yb,Er nanoparticles can be
used as seeds to direct the growth of CdSe quantum dots from cad-
mium stearate and Bu,PSe precursors in the presence of oleylamine
(Fig. 4a(i))'*. The positively charged amine ligand favours the
growth of CdSe onto the NaYF,:Yb,Er core. In this system, the red
emission, as a result of energy transfer from upconverted Er** emis-
sion to CdSe, was observed under 980 nm excitation. This principle,
which is illustrated in Fig. 4b, is applied to develop optoelectronic
devices displaying sub-bandgap photoconductivity'*.

If the physical properties of building blocks are sensitive to the
distance during the self-assembly process, silica can be employed
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Figure 4 | Main strategies for multifunctionalization of upconversion nanocrystals for diverse applications. a, Top: Modification through use of quantum
dots (i), gold nanoparticles (ii and iii) and graphene nanosheets (iv). Bottom: Corresponding transmission electron microscope images of the as-
synthesized hybrid composite materials. b, Near-infrared light sensing by a phototransistor (top inset) made of NaYF,:Yb,Er-CdSe hybrid nanoparticles.
The bottom insets show the luminescent snapshots of colloidal NaYF ,:Yb,Er (left) and NaYF,:Yb,Er-CdSe (right) nanoparticles under 980 nm excitation,
indicating the occurrence of energy transfer between the NaYF,:Yb,Er and CdSe nanoparticles. ¢, DNA concentration quantification (<100 nM) using Au
nanoparticle-tethered NaYF,:Yb,Er@SiO, hybrids. The measurement is enabled by harnessing the linear concentration dependence of the green (525 nm)

and red (655 nm) emission of Er**. d, Temperature mapping (coloured squares) in the form of a CIE 1960 (u,v) chromaticity diagram, constructed by
using Au particle-modified Gd,0,:Yb,Er nanorods. The matching of the emission location with the Planckian locus (curved line with circles) allows

for temperature mapping in the range 300-2,000 K. e, Optoelectronic sensing built on the electrogenerated chemiluminescence (ECL) of graphene—
NaYF,:Yb,Er hybrid materials. The glassy carbon electrode made of graphene and upconversion nanocrystal composites offers enhanced ECL emission
intensity (red line) compared with the electrode modified with solely NaYF,:Yb,Er nanoparticles (black line). The inset indicates the emission stability
of the hybrid material-modified electrode over repeated cycles (scan rate, 50 mV s™). Figure reproduced with permission from: a bottom (i), ref. 126,

American Chemical Society; a bottom (ii), ref. 48, Elsevier; abottom (iii), ref.

128, Wiley; abottom (iv), ref. 131, Wiley; b bottom inset, ref. 126, American

Chemical Society; ¢, ref. 127, American Chemical Society; d, ref. 128, Wiley; e, ref. 129, RSC.

as an interlayer to tune such distance, as shown in Fig. 4a(ii). This
approach seems to work well for the plasmon-upconversion sys-
tem*. DNA detection (down to 10 nM) was made possible by this
approach, based on the linear dependence of emission intensity on
DNA concentration (Fig. 4¢)'¥. Gold nanoparticles can be directly
attached onto upconversion nanorods (Fig. 4a(iii)), boosting the
light excitation rate in the NIR regime for improved photovoltaic
performance®. With a combination of Gd,O,:Yb,Er nanorods and
Au nanoparticles, Debasu et al.'*® built an all-in-one optical heater-
thermometer capable of temperature mapping within the range
300 to 2,000 K (Fig. 4d). The thermal-sensing principle was found
to be associated with the cooperative effect of thermal equilibrium
in the population of excited states on Er** upconversion.
Two-dimensional graphene sheets can also be used as scaf-
folds for the assembly of upconversion nanocrystals (Fig. 4a(iv)).
A case in point is the preparation of graphene-NaYF,Yb,Er
multifunctional materials by in situ growth of nanoparticles in
the presence of graphene oxide'?. The resulting hybrid materials
can be further used to modify glassy carbon electrodes with dra-
matically enhanced electro-generated chemiluminescence (ECL)
(Fig. 4e), offering them functionality for ECL-based sensing and
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optoelectronic applications'”. Graphene oxide nanosheets deco-
rated with upconversion nanocrystals exhibit a much improved
nonlinear performance in the infrared regime***!. Through
surface modification of NaYF,:Yb,Tm nanoparticles with MnO,
nanosheets, a rapid, selective detection system for glutathione in
aqueous solutions and living cells has been developed'* The detec-
tion was realized by monitoring the intensity level of upconver-
sion luminescence, based on regulation of the glutathione-MnO,
redox reaction.

Broader implications and outlook

Photon upconversion through the use of lanthanide-doped
nanocrystals has been the focus of a growing body of research in
recent years. Since the pioneering work in the early 2000573515,
upconversion nanocrystals have exhibited great potential for use
in energy-related applications spanning from lighting to volumet-
ric 3D displays to photovoltaics. In a parallel development, these
nanomaterials have proven valuable as luminescent probes in the
advancement of biological imaging with substantially improved
spatial resolution. They can also be used to monitor levels of metal
ions or biological species in the environment with high sensitivity.
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A particularly noteworthy characteristic of upconversion nano-
crystals is that they can be readily deposited as films from solu-
tion by various techniques. For microelectronic applications, the
restructuring of the films is compatible with lithographic processes
typically used in the semiconductor industry, because of the high
photostability and thermal stability of the upconversion nano-
crystals. In addition, these nanocrystals can be directly moulded
with a soft, elastomeric stamp — a trait that makes them suitable for
photonic integration on thin flexible substrates.

Despite the high stakes and great efforts undertaken in the
research communities, there remain a number of constraints associ-
ated with upconversion nanocrystals at the most fundamental level.
One of the restrictions is their low upconversion quantum efficiency.
To date, the most efficient activators are limited to Er**, Tm** and
Ho**, with a maximum internal quantum yield estimated to be 7.6%
for LiLuF,:Yb,Tm@LiLuF, nanoparticles under a light irradiance
of 127 W cm™ (ref. 134). Another challenge that the upconversion
community faces is getting different wavelengths of light to interact
with such optical nanomaterials. For the most part, one has to invent
new particle systems with high absorbance at wavelengths that are
not restricted to ~800, 980 or 1,500 nm. A set of specially crafted
organic dyes provide interesting opportunities when bound to
upconversion nanocrystals, because they permit a broadband exci-
tation of the nanocrystals'®. However, the mechanisms underlying
the dye-sensitized upconversion process in these hybrid materials
are so far not well understood.

Investigations of photon upconversion in lanthanide-doped
nanocrystals have inspired many attempts to explore such a phenom-
enon occurring in carbon dots'* or quantum dots'*. Nonetheless,
the risk of signal interference or misinterpreted data due to the dif-
fraction of monochromator grating systems, for example, have to be
cautiously considered'?’.

Another area in need of improvement is the effective integra-
tion of commercially available imaging equipment with upconver-
sion nanocrystals. Unlike fluorescent dyes and quantum dots, these
nanocrystals require excitation in the infrared regime, which means
that standard, commercial equipment cannot be used for quanti-
tative measurements. Advances in fundamental nano-phenomena
in upconversion require complex instrumentation, and a coordi-
nated effort across a broad spectrum of disciplines will have a major
impact in these areas.

For applications in biological systems, significant advances have
occurred in the synthesis and multifunctionalization of upconver-
sion nanocrystals with controlled size, shape and dissolution prop-
erties, but the ongoing work is less concerned with understanding
of the complex processes, such as non-specific binding and loss of
biological activities at the bio/nano interface, especially under phys-
iological conditions. Standard protocols for robust particle coatings
with active biomolecules remain vitally important, and innovation
in bioconjugate techniques will certainly lead to enhanced long-
term performance.

Recent studies addressed the important question of how upcon-
version nanocrystals impact living systems. Though highly
informative, the results that have confirmed low levels of cellular
cytotoxicity in short-term assays may not be applicable to normal
physiological conditions. Another area of concern is their adverse
effects on the environment and human health. The experimental
data collected thus far are clearly inadequate to determine whether
the characteristics of upconversion nanocrystals lead to specific
cytotoxic properties’®”. To reveal the particles’ biodistribution,
excretion pathways, metabolism, pharmacokinetics and pharmaco-
dynamics in animal models, real-time, long-term tracking with
custom-designed, built-in instruments is highly desired.
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