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Abstract Lanthanide-doped photon-upconversion nanoparti-
cles (UCNPs) have been the focus of many research activities
in materials and life sciences in the last 15 years because of
their potential to convert light between different spectral re-
gions and their unique photophysical properties. To fully ex-
ploit the application potential of these fascinating
nanomaterials, a number of challenges have to be overcome,
such as the low brightness, particularly of small UCNPs, and
the reliable quantification of the excitation-power-density-
dependent upconversion luminescence. In this series of criti-
cal reviews, recent developments in the design, synthesis,
optical-spectroscopic characterization, and application of
UCNPs are presented with special focus on bioanalysis and
the life sciences. Here we guide the reader from the synthesis
of UCNPs to different concepts to enhance their lumines-
cence, including the required optical-spectroscopic assess-
ment to quantify material performance; surface modification
strategies and bioanalytical applications as well as selected
examples of the use of UCNPs as reporters in different assay
formats are addressed in part II. Future trends and challenges
in the field of upconversion are discussed with special empha-
sis on UCNP synthesis and material characterization, particu-
larly quantitative luminescence studies.
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Introduction

The process of upconversion (UC) luminescence (UCL) com-
prises excitation of a solid-state material or molecular system
with lower-energy photons that stimulates the emission of
higher-energy photons (anti-Stokes-shifted luminescence)
via real intermediate excited electronic states. This distin-
guishes it from other optical processes that also rely on mul-
tiphoton absorption, such as multiphoton (commonly two-
photon) fluorescence and second (third, fourth, etc.) harmonic
generation, that involve virtual electronic states and hence
require much higher excitation power densities (P). UC pro-
cesses are typically divided into lanthanide (Ln3+)-based UC
using emissive Ln3+ ions, although transition metal and acti-
nide ions are also capable of UC, and triplet–triplet annihila-
tion based UC, which typically utilizes the matching triplet
states of two different dye molecules as intermediate excited
states [1, 2] and is beyond the scope of this review.Most Ln3+-
based UC materials rely on a solid inorganic matrix such as a
glass or a crystalline host such as a metal fluoride (e.g.,
NaYF4, CaF2), oxide (Y2O3), phosphate (YPO4), or vanadate
(GdVO4) doped with a single Ln3+ ion or a combination of
Ln3+ ions such as Er3+, Yb3+, Tm3+, Ho3+, Nd3+, and Gd3+ [3].
UC processes in bulk materials such as glasses and
micrometer- and submicrometer-sized phosphors, which in-
volve multiple electronic transitions of the absorbing and
emitting Ln3+ ions influenced by ion–lattice interactions, have
been studied for decades. In the last decade, Ln3+-doped
photon-UC nanoparticles (UCNPs) [4–13] have emerged par-
ticularly as a new class of nanocrystalline luminescent re-
porters for the life and material sciences. The UCL dynamics
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in these UCNPs, which are the focus of this review, are more
complicated because of variations in both the chemical struc-
ture and the electronic structure and particularly surface ef-
fects. In addition, also a very small, yet increasing number
of molecular Ln3+-based UC systems have been reported.
Examples include an ion-associated complex of an Er3+ che-
late of 2-thenoyltrifluoroacetone and a near-infrared (NIR)-
emissive cyanine dye [14], a macrocyclic erbium complex
bridged by fluoride anions [15], Yb3+-based supramolecular
heteropolynuclear complexes [16], and polynuclear
chromium(III)–lanthanide (e.g., Yb3+) complexes [17].

Recent progress in the synthesis and surface modification
of UCNPs and a better mechanistic understanding of the un-
derlying photophysics have provided the ground for an ever-
increasing number of (bio)analytical, diagnostic, and sensing
applications as well as photovoltaic and security applications.
A hallmark of UCNPs among the different classes of lumines-
cent materials listed in Table 1 is their unique property of
emitting shorter-wavelength light on NIR excitation [anti-
Stokes emission; NIR-to-ultraviolet (UV)/visible/NIR conver-
sion]. On NIR excitation, conventional organic fluorophores
are not excited, and light scattering is minimal such that

UCNPs can be detected without optical background
interference.

The potential of UCNPs cannot be fully appreciated with-
out an understanding of their photophysical features. Most
UCNPs consist of a nanocrystalline fluoride or oxide host
matrix such as NaYF4 or Gd2O3 doped with a single Ln3+

ion or several Ln3+ ions. The arrangement of electrons within
the 4fn configuration of the dopant lanthanides is substantially
diverse, resulting in a large number of energy levels and hence
a manifold of emission bands and colors [18, 19]. In co-doped
UCNPs, one type of Ln3+ dopant serves as a sensitizer ion that
absorbs NIR light and—after multiple energy transfer steps
between neighboring sensitizer ions—transfers the excitation
energy to a neighboring activator ion in sequential steps (en-
ergy transfer UC). Energy transfer can be controlled by pa-
rameters such as the combination of dopants and interion dis-
tance d [energy transfer efficiency is proportional to d-6 for
dipole–dipole energy transfer and is proportional to exp(-d/d0)
for exchange coupling], and thus by dopant concentration and
spacing in the respective crystal lattice or core–shell particle
architecture, as well as by tuning of the population of the
energy levels of the sensitizer/donor and activator/acceptor

Table 1 Summary of the spectroscopic features of photon-upconversion nanoparticles (UCNPs) principally advantageous for bioanalytical applica-
tions compared with other commonly used classes of emitters such as organic dyes and semiconductor nanocrystals (quantum dots)

Features of UCNPs Unlike Advantages and applications

NIR light excitation (commonly 980 nm) Fluorescent dyes/conventional
II/VI quantum dots

Background-free diagnostic assays. Particularly well
suited for deep tissue/small animal imaging

Long-lived intermediate energy levels Fluorescent dyes/quantum dots Sequential absorption of two or more NIR photons.
Excitation with comparably low energy and inexpensive
CW-light sources. Typically very low background noise

Anti-Stokes-shifted emission Fluorescent dyes/quantum dots Conversion of light between different spectral regions, i.e.,
NIR-to-UV/vis/(shorter) NIR. No spectral cross talk,
excellent separation of excitation and detection
wavelengths/spectral windows

Narrow and multiple emission bands
in the UV, vis, and NIR regions

Fluorescent dyes (except for
dual emissive dyes)/quantum dots

Spectral multiplexing and ratiometric measurements.
A possible drawback excitation is of autofluorescence
by UCL

Long (and partly tunable) luminescence
lifetimes (microsecond range)

Fluorescent dyes/quantum dots
(except for doped quantum dots)

Time-gated emission measurements. Lifetime multiplexing.
Use as donors in time-resolved Förster resonance energy
transfer detection schemes. A possible drawback is the
reduced number of emitted photons per time interval
(slow photocycle) and hence elongated measurement times

No photobleaching or photobrightening Fluorescent dyes/quantum dots Long-term imaging

No blinking Fluorescent dyes/quantum dots Single-particle applications

Magnetic (e.g., co-dopant Gd3+) Fluorescent dyes Dual imaging such as combined optical and magnetic
resonance imaging

Low toxicity Quantum dots Cell imaging and bioimaging

Narrow emission bands also in the
SWIR (e.g., downshifted emission)

Fluorescent dyes NIR-to-SWIR light conversion. Optical reporters for
bioimaging in the SWIR (approximately 1000 to 1700 nm)

The properties and limitations of UCNPs are discussed in the text.

CW continuous wave, NIR near infrared, SWIR short wavelength infrared (here used for the spectral region from approximately 1000 to 1700 nm),UCL
upconversion luminescence, UV ultraviolet, vis visible
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ions, and hence P [20]. Energy can be transferred between
dopants also via the reverse process of cross relaxation
(CR), rapidly diffuse between sensitizers via resonant energy
migration, or be transferred less efficiently between energeti-
cally mismatched donor–acceptor pairs via phonon-assisted
energy transfer.

The most common sensitizerion in lanthanide-based codoped
UCNPs is Yb3+ as it has a comparatively large absorption cross
section for NIR light for a Ln3+ ion. Moreover, its simple energy
scheme consists of only a single emissive energy level, which
reduces possible undesired nonradiative relaxation pathways of
the excited state. The most frequently used activator ions are
Er3+, Tm3+, and Ho3+, with their manifold of energy levels that
are responsible for the multiple emission bands observed in
UCNPs [19]. Figure 1 shows exemplarily the NIR-to-UV/

visible UC mechanism of β-NaYF4:Yb
3+,Er3+, one of the most

efficient UC materials known to date [21, 22].
The 4f orbitals of Ln3+ ions are shielded by the completely

filled 5s2 and 5p6 subshells, rendering the spectral position of
the line-like sharp emission bands of UCNPs insensitive to the
Ln3+ microenvironment. The intensity ratios of the different
emission bands can, however, be affected by the Ln3+ micro-
environment as well as by other parameters such as tempera-
ture, dopant concentration, and P as detailed in the following
sections. Moreover, the parity-forbidden 4f–4f transitions of
Ln3+ ions account for the small absorption cross sections and
low emission rates. The low brightness of UCNPs is princi-
pally disadvantageous, yet is counterbalanced for many
(bio)analytical applications by the typically low background
noise due to NIR excitation, minimizing background or

Fig. 1 Energy level diagram of the energy transfer upconversion
mechanism in β-NaYF4:Yb

3+,Er3+. Absorption of 980-nm light raises
the sensitizer ion Yb3+ from its ground state 2F7/2 to the excited level
2F5/2. This transition is reversible, and Yb3+ can emit near-infrared
(NIR) light (dashed black arrow) with a (slow) rate constant kYb_rad.
The absorbed energy can be reversibly transferred from Yb3+ to the
activator Er3+ (blue arrow and red arrow) by dipole–dipole energy
transfer. Once an Er3+ is in its excited state, it can be pumped into
higher-energy states by additional dipole–dipole energy transfer

processes from excited Yb3+ at neighboring lattice sites. Each energy
transfer process depicted in this scheme is characterized by a distinct
rate constant kETx−y. Radiative relaxation of Er3+ leads to the emission
of green, red, and—to a lesser extent—blue light, indicated by dashed
lines in the respective colors with rate constants kRx. kCR is the rate
constant for Er3+−Er3+ cross relaxation, a luminescence quenching
processes requiring the proximity of two Er3+ ions. The curvy arrows
indicate multiphonon relaxation from the different excited energy
levels. (Adapted with permission from [21])
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autofluorescence (e.g., in complex matrices containing other
shorter-wavelength-absorbing fluorophores). Hence, depend-
ing on the respective application, either the absolute signal
size determined by reporter brightness, or the signal-to-noise
ratio is more relevant for analyte detection or discrimination.
The parity (Laporte)-forbidden 4f–4f transitions of Ln3+ ions,
which are commonly also spin multiplicity (spin multiplicity
rule) forbidden, are also responsible for the long excited-state
lifetimes (Table 1), which are the prerequisite for the sequen-
tial absorption of low-energy photons, which is, for example,
11 orders of magnitude more efficient than second harmonic
generation [18]. Although the long excited-state lifetimes of
Ln3+ ions are usually presented as an advantage for optical
studies, this implies automatically a reduced number of emit-
ted photons per time interval (slow photocycle) compared
with fluorophores with luminescence lifetimes in the nanosec-
ond range, and hence longer measurement times [23]. This
afterglow can also affect measurements with a conventional
scanning microscope (possible cross talk between pixels).

The unique photophysics of UCNPs and their advantages
in various analytical and imaging applications have been cov-
ered by many review articles [4, 24–29]. They are also subject
to the second part of this review series [insert citation of part
II] focusing on applications in assays and sensors, yet UCNPs
have also been shown to be very useful for photodynamic
therapy [30–33], optical trapping [34, 35], and solar cells,
which convert almost the full solar spectrum into a photocur-
rent [9, 36–38], and anticounterfeiting [39]. Here, we discuss
possible solutions to the shortcomings of UCNPs such as their
low brightness, the strong absorption of 980-nm light by wa-
ter, and the challenging characterization of their application-
relevant optical properties.

Rational design of monodisperse and bright UCNPs

At the very heart of UC nanotechnology are synthetic proto-
cols that yield UCNPs with a homogeneous and narrow size
distribution and a pure crystal phase with minimal lattice de-
fects with a high batch-to-batch reproducibility because these
features are fundamental for the brightness (B; see BUCL en-
hancement and color tuning^) of UCNPs. This should ideally
be available for a wide range of sizes. These features are
affected by different synthesis parameters such as tempera-
ture, ligand-to-solvent ratio, and doping ions (lanthanide ions
including Gd3+, alkaline earth metal ions). UCNPs are typi-
cally synthesized by thermal decomposition, hydrothermal
synthesis, coprecipitation, and ionic-ligand-based, micro-
wave-assisted, and emulsion-based methods [40], and it is
well known that the type and dopant concentration in the host
matrix can influence nanocrystal shape, crystal phase, and
crystal size [41]. Many different synthetic procedures have
been reported that can be more or less easily upscaled

[3, 29, 42, 43]. The synthetic methods used for UCNP pro-
duction often differ, however, from publication to publication
and from research group to research group; this, together with
general difficulties to characterize the optical properties of
UCNPs, summarized in the following section, are partly re-
sponsible for results that vary between research groups for
each method.

Gainer and Romanowski [42] recently published a compre-
hensive guide to the synthesis of UCNPs, which includes the
thermal decomposition of Ln3+ oleate and trifluoroacetate pre-
cursors and coprecipitation. These methods yield fewer toxic
by-products and require less extreme temperatures, yet also
lead to a lower quality of UNCPs and often require additional
annealing steps to achieve good luminescence properties [42].
In addition, a protocol for the preparation of core–shell
NaGdF4 nanoparticles that incorporate Ln

3+ ions into different
layers for efficiently converting a single-wavelength, NIR ex-
citation into a tunable visible emission that yields core–shell
UCNPs within 1 day was reported by Wang et al. [44]. This
protocol details the synthesis of core–shell NaGdF4 nanopar-
ticles grown through coprecipitation in a binary solvent mix-
ture of oleic acid and 1-octadecene with the doping with lan-
thanides of controlled compositions and concentrations real-
ized during particle growth. The Ln3+-doped NaGdF4 nano-
particles then serve as seed crystals for subsequent epitaxial
growth of shell layers comprising different Ln3+ dopants.
Other well-established and upscalable procedures have been
reported, for example, by Haase and Schäfer [19] in 2011 and
by Wilhelm et al. [45] in 2015. Moreover, the Haase group
only recently developed an upscalable synthesis for the prep-
aration of 10-nm β-NaYF4:Yb,Er/NaYF4 core–shell UCNPs
with 5-nm particle cores that efficiently suppresses undesired
nucleation of β-NaYF4 particles during shell growth by using
α-phase particles with a low ratio of sodium to Ln3+ ions [46].

Relatively new trends in the synthesis of UCNPs, which are
closely related to concepts to boost UCNP brightness detailed
in the next section [47], involve the development of synthetic
procedures that reduce the mixing of core and shell material
[48], and particularly the epitaxial growth of core–shell struc-
tures and engineering of homogeneous doping based on a suc-
cessive layer-by-layer method with monolayer precision [49,
50]. This is expected to provide control of the local doping
concentration and distribution of dopant ions in UCNPs, there-
by minimizing deleterious CR and concentration quenching
between dopants caused by too high local dopant concentra-
tions and preventing local energy transfer barriers between sen-
sitizer and activator ions, which can arise from low local dopant
concentrations. The potential of this concept is highlighted in
Fig. 2 for NaGdF4:Yb

3+,Er3+/NaYF4 UCNPs. This figure com-
pares the luminescence properties of UCNPs obtained by a
conventional synthetic approach yielding heterogeneous dop-
ing (referred to here as heterogeneous doping core UCNPs) and
a homogeneous doping strategy (fabricating so-called
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homogeneous doping core UCNPs) using the one-pot succes-
sive layer-by-layer method [50] as demonstrated by the analyt-
ical characterization of these UCNPs and single-particle spec-
troscopy. Figure 2e reveals that in the case of the former syn-
thetic method, the Yb3+ concentration gradually decreases from
about 29% to 19% from inside to outside. Control of these
approaches requires, however, also analytical methods to map
and discern the homogeneity or heterogeneity of the respective
core–shell structures on a single-particle level [47]. This pre-
sents a considerable challenge. Moreover, this underlines that
the UCNP doping concentration cannot be reliably deduced
from the macroscopic reactant feed ratio used for particle
preparation.

UCL enhancement and color tuning

The brightness (B) of UCNPs is the product of the material’s
molar absorption coefficient [ε(λ), or absorption cross section,
σabs(λ)] at the excitation wavelength (λex) [51], which is a

measure of the absorption strength in the case of nanoparti-
cles, and the photoluminescence quantum yield (Φf), a mea-
sure of the luminescence efficiency. The definition and deter-
mination of the UC fluorescence quantum yield of UCNPs
(ΦUC) are addressed in a separate section [52]. Hence, for high
signals and low detection limits, generally all factors that yield
high σabs(λ) and/or ΦUC or increase the values of both param-
eters are beneficial. Depending on the respective application,
the signal-to-noise or background ratio can also provide an
impor tant measure here , thereby at leas t par t ly
counterbalancing the low brightness of NIR-excited UCNPs.

The brightness of UCNPs is mainly governed by (1) the
host matrix—that is, its crystal phase (and hence also phase
purity) and crystal structure that determine the local symmetry
and crystal field sensed by the absorbing and emitting Ln3+

ions—as well as its phonon energy and (2) the choice of op-
timum (co)-dopant ion concentrations and the spatial arrange-
ment of different Ln3+ ions in core-only and increasingly so-
phisticated core–shell architectures [47], thereby optimizing
absorption cross sections and energy transfer processes and

Fig. 2 Transmission electron microcopy images of NaGdF4:Yb,Er
photon-upconversion nanoparticles (UCNPs) obtained by the most
commonly used one-pot heating-up method (heterogeneous doping core
UCNPs) during particle spontaneous growth at different reaction times: a
5min, b 30min, and c 100min. d Total doping concentration of Yb3+ and
Er3+ determined by energy-dispersive X-ray spectroscopy at different

growth stages of the spontaneous growth process. Evolutions of Yb3+

and Er3+ doping concentrations during spontaneous growth (e) and the
successive layer-by-layer doping process (f) obtained by inductively
coupled plasma atomic emission spectroscopy. The doping
concentrations are evaluated with molar concentration. (Adapted with
permission from [50])
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preventing CR, a possible luminescence quenching pathway,
as well as size-dependent surface quenching. Factors contrib-
uting to size-dependent surface quenching include surface de-
fects (e.g., crystal defects or impurities) and ligands and/or
solvents/matrices with high-energy vibrational modes [e.g.,
O–H vibrations at 3300–3700 cm-1 and (CH)n stretching vi-
brational modes at 2800–2950 cm-1], which match with ener-
gy gaps between the manifold of energy levels of the Ln3+

dopant ions [53–56]. This originates from the relatively higher
number of crystal defects found for smaller particles, which
dissipate the excitation energy of the dopant ions, and the
relatively larger number of surface Ln3+ ions. In addition to
the chemical nature of the dopant ions, these nonradiative
deactivation channels can also affect UCNP emission color.

Although UCNPs with core–shell architectures can be pre-
pared with a very narrow particle size distribution, well-
defined crystal morphology [57], control of dopant ion con-
centration [55], and surface chemistries providing water
dispersibility [8, 58, 59], it is not completely clear yet why
smaller UCNPs are produced at the expense of much weaker
UCL. Typically, the UC efficiency even of UCNPs with opti-
mized core–shell structures [60–62] is still about one order of
magnitude lower than that of UC bulk materials, particularly
for UCNPs dispersed in water [53–56]. This, together with the
relevance of aqueous environments for all life science appli-
cations, has initiated a threefold response:

1. An increasing number of quantitative studies on the
quenching of the UCL using steady-state and time-
resolved fluorescence spectroscopy have been performed
[53, 58, 63–65]. Material parameters assessed included
the influence of the crystal phase and shell tightness as
well as phonon coupling between the host lattice and the
sensitizer (Yb3+) as well as the activator (Er3+), here with
UCL measurements at ultralow temperatures [10, 66].

2. The design of an ever-increasing number of sophisticat-
ed core–shell particle architectures that utilize passive
(i.e., protective-only) shells made from materials with
identical or closely matching lattice constants as the core
host and active shells comprising these materials con-
taining different Ln3+ dopants, precisely arranged
around the Ln3+-doped core [53, 56], was triggered.
These architectures passivate lattice defects at the core
surface and protect excited sensitizer and activator ions
from quenching by surface defects and high-energy vi-
brational modes outside the particle [57]. Active shells
provide nanoscopic control of ion–ion interactions
through spatial confinement of different types of Ln3+

ions in separate shell layers [47]. The design and prepa-
ration of these different types of hierarchical core–shell
UCNPs was recently reviewed by Chen et al. [47].

3. Different strategies to enhance the absorption and/or lu-
minescence efficiency have been assessed, such as

sensitization with different inorganic and organic ab-
sorbers and plasmonic interactions.

An overview of concepts to improve UCNP brightness is
highlighted in Fig. 3 [62]. These different strategies and un-
derlying concepts are detailed in the following sections, ex-
cept for photonic crystal engineering. Moreover, the potential
of high P excitation (saturation excitation) to counterbalance
UCL quenching is highlighted.

Surface passivation: UCNPs with passive and active shells

Minimization of surface quenching [67] can be realized with
the aid of an inactive protective shell. As systematically stud-
ied, for example, by Wang et al. [55] in 2010 and Zhang et al.
[68] in 2012, this requires sufficiently thick and closed shells
[69, 70], passivating surface defects and shielding Ln3+ ions at
the particle surface. Here, anisotropic shell growth [70],
intermixing of core and shell material [48], and nucleation of
particles from shell material [46] should be ideally prevented.
Moreover, for optimum performance of core–shell architec-
tures, compressive lattice strain should be minimized as this
can also affect UC performance [71]. In the case of Förster
resonance energy transfer (FRET) applications, shell thick-
ness has to be compromised between high FRET efficiency
and low surface quenching—that is, optimum UC efficiency
(and optimum donor quantum yield, here ΦUC of the
UCNPs)—as demonstrated by Wang et al. [57].

Undoped shells have been made from silica, here also to
facilitate subsequent surface functionalization and
bioconjugation, and increasingly from common host materials
such as NaYF4 as well as from CaF2 or SrF2 [47]. In any case,
questions arise here regarding shell tightness. For example,
Chen et al. [70] demonstrated recently the strong influence
of the size of the hexagonal Yb3+/Er3+:NaGdF4 core on the
morphology and growth of a complete (i.e., close) surface-
passivating shell on the UCNP core for core sizes of 9.5,
16.2, 20.4, and 31.5 nm. As the shell growth mechanism,
Chan et al. used separate nucleation of the shell precursors
followed by ripening-mediated deposition on UCNP cores.
The choice of appropriate core sizes for optimum shell growth
can lead to a very strong increase in UCL intensity, with fac-
tors of up to 104 comparedwith the core without a shell having
been reported [70]. These high enhancement factors were de-
termined by comparison of the UCL intensity with the directly
(at 490 nm) excited intensity of the (DC) with a spectrofluo-
rometer equipped with an integrating sphere for low P of
about 1.5 W cm-2 (at 980 nm) [69]. Also Qiu et al. [69]
c la imed a s t rong UCL ampl i f i ca t ion for Yb3+ /
Er3+:NaGdF4@NaYF4 core–shell UCNPs with a completely
closed shell. Fischer et al. [58] recently reported precise engi-
neering of core–shell UCNPs, and derived a correlation be-
tween luminescence efficiency and shell thickness. This is
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highlighted in Fig. 4. Here, maximum UCL efficiency was
obtained for an optimized shell thickness of about 4 nm with
use of an integrating sphere setup for UCL measurements.
These authors also determined surface quenching rates for
the relevant Er3+ and Yb3+ energy levels and used this knowl-
edge to prepare UCNPs showing surface-quenching-assisted
efficient NIR to short-wavelength infrared (SWIR)
downshifting (i.e., strong Er3+ emission at 1520 nm on exci-
tation at 980 nm) [58].

An increasingly used concept for enhancing UCL is direct-
ed energy migration in sophisticated multishell structures (see
also BCo-doping with Nd3+^ and BBroadband sensitization
with organic dyes and energy transfer modulation^). This
has been realized, for example, by Qiu et al. [69] for Yb3+/

Tm3+-co-doped fluoride active core–active shell–inert shell
nanoparticles. Wang et al. [72] showed for Gd3+-based
UCNPs of various composition how the rational design of a
core–shell structure with a set of Ln3+ ions incorporated into
separated layers at precisely defined concentrations can be
used to fine-tune UCL and enhance UCL efficiency through
trapping of the migrating energy by the activators and preven-
tion of unfavorable CR. Other approaches to color tuning or
color control exploit strain-induced modulation of the
(de)population channels of excited energy levels of UCNPs
or CR. For example, on the basis of the former, Ye et al. [53]
converted the green, yellow, and blue luminescence of Yb3+/
Ho3+-, Yb3+/Er3+-, and Yb3+/Tm3+-co-doped NaYF4 into a
quasi-white, green, and pink-blue emission in the respective
sensitizer/activator-isolated NaYF4 core–shell nanostructures:
NaYF4:Yb

3+@NaYF4:Ho
3+, NaYF4:Yb

3+@NaYF4:Er
3+, and

NaYF4:Yb
3+@NaYF4:Tm

3+. An elegant example of the use
of Er3+–Er3+ CR for color tuning in core–multishell structures
was reported by Wei et al. [73] for the generation of pure red
UCL in activator- and sensitizer-rich UCNPs.

Host lattice manipulation and co-doping with transition
metal ions

As UCL depends strongly on the crystal phase of the host
matrix [45], the local crystal field faced by the Ln3+ ions in
the host matrix [74], and Ln3+-Ln3+ distances determined by
the host lattice and doping ion concentration (see also
BImproving the excitation efficiency of UCNPs^) [41], tailor-
ing of these parameters can present effective ways to increase
UCL by factors of several ten. It can be also used for UCL
color tuning. The most commonly used strategy for altering
crystal field symmetry involves co-doping with the very small
alkali metal ion Li+, which is built into the host lattice substi-
tutionally or interstitially [75–77]. Co-doping has been also
done with other transitionmetal ions such as Sc3+, which has a

Fig. 4 Influence of shell thickness on the quantum yield of upconversion
luminescence (UCQY; top) and the quantum yield of the Er3+ emission at
1520 nm (downconverted emission; bottom). (Reprinted with permission
from [58])

Fig. 3 Overview of the main
strategies for enhancing
luminescence in Ln3+-doped
UCNPs. Often, upconversion
luminescence enhancement is
realized synergistically by a
combination of different
concepts. (Adapted with
permission from [62])
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slightly smaller ionic radius than Y3+, and recently also with,
for example, Mn2+ and Fe3+ [24, 78–80]. Moreover, emission
colors can be selectively enhanced by co-doping and tuning of
the population of certain emissive energy levels as demon-
strated, for example, by Fe3+ co-doping of NaYF4:Yb

3+,Er3+

nanocrystals [78]. This led to amplification of red UCL.
To interpret these literature data, it has to be kept in mind

that for some systems showing (co)-doping-induced intensity
boosting and/or color tuning, UCNP doping concentration is
obtained solely from the reactant feed ratio used for nanocrys-
tal synthesis, which must not match with the actual dopant ion
concentration built into the host lattice. The type of doping
ions can also significantly affect the crystal phase (see also
BRational design of monodisperse and bright UCNPs^), and
hence via this parameter also UCL, in addition to, for exam-
ple, ion–ion interactions. Moreover, often little attention is
paid to dopant ion distribution on the single-particle level
[50]. Generally, a homogeneous distribution of dopants is ex-
pected to minimize concentration quenching and thus improve
the optical properties and overall quality of UCNPs. The ques-
tion of whether the doping Ln3+ ions are statistically distrib-
uted in a single nanoparticle and howmuch individual UCNPs
in an ensemble of particles differ can be addressed with the aid
of advanced imaging techniques such as scanning transmis-
sion electron microscopy operated in high-angle annular dark-
field imaging mode, which is sensitive to the atomic number
(Z) of the sample (scaling proportionally to Z2), combined
with electron energy loss spectroscopy and energy-
dispersive X-ray spectroscopy [47, 69]. This makes possible
spatially resolved characterization of core–shell structures
(relevant for assessing shell closeness) and dopant ions on
the single-particle level. This underlines the importance of
synthetic strategies that provide homogeneous doping in core
and core–shell structures in conjunction with the need to better
control shell growth. Interesting approaches to this problem
could be themethod recently reported by the Haase group [46]
f o r p r e p a r i n g g r am amo u n t s o f v e r y sm a l l
NaYF4:Yb

3+,Er3+@NaYF4 UCNPswith suppression of unde-
sired nucleation of β-NaYF4 , and the use of a layer-by-layer
deposition method as recently reported by Li et al. [50] for the
synthesis of NaGdF4:Yb

3+,Er3+ UCNPs. These authors also
studied the influence of spatial distributions and relative con-
centrations of the dopants on the optical properties of UCNPs
for the first time at the single-nanoparticle level. In addition to
these pitfalls arising from UCNP synthesis, for many of the
reported UCL amplification factors, the reliability of the un-
derlying UCL measurements needs to be carefully estimated,
thereby considering criteria detailed in BQuantitative spectro-
scopic studies of UCL and ΦUC and challenges.^ Particularly,
relative fluorescence measurements can be error-prone and
are, for example, strongly affected by differences in scattering
properties and P. Generally, only nonaggregated systems of
closely matching size are to be compared.

Improving the excitation efficiency of UCNPs

Another factor responsible for the low brightness of UCNPs is
the very small absorption cross sections of Ln3+ ions due to
the parity-forbidden and in most cases also spin-multiplicity-
forbidden f–f transitions in conjunction with the very narrow
absorption bands. For example, the commonly used Ln3+ sen-
sitizer ion Yb3+ absorbs light with a critically small absorption
cross section of approximately 10−20 cm2, which is about
1000−10,000 times less than that of a dye molecule, revealing
typically an absorption cross section of about 10−17−10−16

cm2, in a narrow spectral window of approximately 10,260
−10,660 cm−1 (approximately ten times narrower than that of
an organic dye) [81]. To improve the excitation efficiency of
UCNPs, different strategies have been pursued, such as the
modulation of the Ln3+ activator concentration, co-doping
with Nd3+, and dye sensitization, which are discussed in this
section. The latter two concepts also shift the excitation wave-
length from 980 nm to 808 nm or allow increased flexibility in
the excitation wavelength, thereby minimizing water absorp-
tion at the excitation wavelength.

Modulating the Yb3+ sensitizer concentration

To boost UCNP brightness, the Yb3+ concentration can be
increased, particularly because Yb3+ ions have a lesser tenden-
cy for concentration-dependent quenching compared with
other Ln3+ ions because of their simple energy level scheme
(see Fig. 1). This enhances not only the absorption cross sec-
tion of the UCNPs, but also affects all distance-dependent
energy transfer processes involved in the generation of UCL
(see Fig. 1), such as Yb3+–Yb3+ interaction-related energy
migration and the probability of the energy transfer from
Yb3+ to the activator ions. This, in conjunction with the inter-
est in color tuning, triggered several studies on the influence of
Yb3+ concentration and Yb3+/Er3+ or Yb3+/Tm3+ doping ra-
tios for differently sized NaYF4, NaGdF4, and GdF3 UCNPs
[41, 82–84].

For example, Chen et al. [82] increased the concentration
of the sensitizer Yb3+ from the typically used 18% or 20% up
to 100% in a series of ultrasmall NaYF4:Yb3+/Tm3+

nanocrystals with sizes of 7–10 nm. Along with an increase
in the relative content of Yb3+ ions from 20% to 100%, with a
corresponding decrease in Y3+ content from 80% to 0%, this
resulted in an increase of NIR UCL by a factor of 43. These
ultrasmall NaYbF4:2% Tm3+ nanocrystals had a 3.6 times
more intense NIR emission than 25–30-nm NaYF4:20%
Yb3+/2% Tm3+ UCNPs previously synthesized by this group.
Although this enhancement does not solely arise from the
increase in absorption cross section, this factor is expected to
considerably contribute to this effect. Structural and
photoluminescence studies of a series of 20-nm to about
100-nm β-NaGdF4 nanocrystals revealed an influence of
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relative Yb3+/Tm3+ [83] and Yb3+/Er3+ [41] concentration on
size, size distribution, and morphology and as to be expected
on the contribution of the different emission bands to overall
UCL, reflecting ion–ion interactions, including CR. These
concentration dependences and the size-dependent and
dopant-concentration-dependent probability for cluster forma-
tion (e.g., Yb3+–Er3+–Yb3+ as well as Yb3+ and Er3+ cluster
formation) were also modeled and correlated with experimen-
tally observed green-to-red intensity ratios [41]. These results
revealed that for UCNPs with sizes exceeding 20 nm, ion–ion
interactions and not particle size are the main factors
governing their optical properties.

Yb3+ is commonly excited at 980 nm, where the absorption
of water and other tissue components is not negligible. This
can result in laser-induced local overheating effects in cell,
tissue, and live animal studies. Hence, particularly for all
in vitro and deeper in vivo bioimaging applications of
UCNPs, shifting of the excitation wavelength from 980 nm
to shorter wavelengths such as 915 nm or 808 nm, where
absorption of water and tissue components is lower, can be
attractive. For example, pioneering work on excitation-
wavelength-dependent overheating effects was done by the
group of Anderson-Engels [85]. By measuring the thermal-
graphic maps of a mouse in response to laser excitation at
980 nm and 915 nm using Tm3+/Er3+/Ho3+-doped NaYbF4
UCNPs, they demonstrated the superiority of 915-nm excita-
tion for bioimaging applications, with less heating of the bio-
logical specimen and larger imaging depth in animals or tis-
sues. This triggered the search for design strategies providing
bright UCNPs excitable at wavelengths different from 980
nm.

Co-doping with Nd3+

Nd3+, which has a relatively high absorption coefficient com-
pared with most other Ln3+ ions, has been used as a substitute
for Yb3+ to shift the excitation wavelength from 980 nm to
808 nm as well as in combination with Yb3+. An increasing
number of Nd3+-based UCNPs differing in core and shell
design and host matrix have emerged [61, 77, 86–91]. An
example of introducing Nd3+ as a sensitizer and building a
core–shell structure to ensure successive Nd3+-> Yb3+-> acti-
vator energy transfer was reported by Wang et al. [86], who
demonstrated the potential of these Nd3+-doped UCNPs in
in vivo imaging experiments together with a strongly reduced
laser-induced local overheating effect. Also Nd3+/Yb3+/Ln3+-
tridoped UCNPs have been reported, where the Nd3+ ions act
as primary sensitizers and 800-nm absorbers, and the Yb3+

dopants serve as bridging sensitizers to facilitate energy trans-
fer from Nd3+ to the activator ions (Nd3+–Yb3+–Ln3+ energy
transfer cascade).

The luminescence of simple Nd3+/Yb3+-based UCNPs on
808-nm excitation is nevertheless often less efficient than that

of their Yb3+-based counterparts excited at 980 nm, particu-
larly in simple Nd3+-based systems, as the Nd3+ ion has a
much more complicated energy level diagram compared with
the Yb3+ ion [91], with its favorably simple energy level dia-
gram shown in Fig. 1. Consequently, the Nd3+ doping con-
centration must be kept very low (up to 1 mol%) in Nd3+/
Yb3+/Ln3+ tridoped UCNPs, rendering the absorption of these
UCNPs at 808 nm only weak. Higher doping concentrations
of Nd3+ can induce deleterious CR energy transfer between
Ln3+ activators and Nd3+ ions, leading to a reduction in UCL
efficiency. An effective design concept to enhance UCL of
Nd3+/Yb3+-based UCNPs, sensitized by cascade energy trans-
fer, was developed by Huang and Lin [91], who designed
active-core–active-shell nanomaterials by refining the concept
of Xie et al. [87]. They grew an active Nd3+-doped shell (dop-
ing concentration of 20 mol% for effective light harvesting)
made from a material with similar lattice constants as the core,
around the NaYF4:Nd

3+/Yb3+/Er3+ (1/19/0.5; 1 mol% Nd3+)
core, which protects the luminescent core from surface
quenching and efficiently absorbs NIR light as shown in
Fig. 5. To enhance energy transfer from Nd3+ to bridging
Yb3+, the shell was co-doped with Yb3+. This design concept
led to NaYF4:Nd

3+/Yb3+/Er3+@NaYF4:Nd
3+/Yb3+ active-

core–active-shell UCNPs with (claimed) luminescence en-
hanced by factors of 522 and 2.6 compared with
NaYF4:Nd

3+/Yb3+/Er3+ core-only and NaYF4:Nd
3+/Yb3+/

Er3+@NaYF4:Nd
3+ active-core–active-shell UCNPs respec-

tively. This design strategy works also for the Tm3+ activator
[91]. Nevertheless, up to now, the overall success of this de-
sign concept has not been too impressive.

Broadband sensitization with organic dyes and energy
transfer modulation

An increasingly used concept to boost the molar absorption
cross section is sensitization with NIR organic dyes, which
allow also tuning of the excitation wavelength. This provides
more flexibility with respect to the choice of excitation light
sources and allows the minimization of heating effects in
bioimaging studies due to tissue absorption. Broadband dye-
sensitized UCL was first shown by Zou et al. [91] by adding
a carboxylic acid derivative of the dye IR-806 to a
solution of oleylamine-coated β-NaYF4:Yb

3+,Er3+ UCNPs
in chloroform. The observed strongly amplified UCL was
attributed to FRET from excited IR-806 to the Yb3+ and
Er3+ energy-accepting ions in the β-NaYF4:Yb

3+,Er3+ nano-
particle core. As revealed by control experiments with a dye
lacking a carboxylic acid group, dye sensitization clearly re-
quired binding of the NIR dye to the particle surface. This
concept of antenna dyes has been further refined since then.
Recent examples from the Chen and Prasad group [78, 92]
include hybrid inorganic−organic systems consisting of epi-
taxial core–shell UCNPs and NIR dyes anchored on the core–
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shell nanocrystal surface. These nanostructures exhibit multi-
step cascade energy transfer from the broadly absorbing NIR
organic dyes to the sensitizer ions in the epitaxially grown
shell, followed by sequential nonradiative energy transfer to
upconverting ion pairs in the core as highlighted in Fig. 6 [92].

In these core−shell architectures, surface-related UCL
quenching is suppressed, yielding a high ΦUC of 4.8%. This
exceeds typically reported UCNP efficiencies at 800 nm by a
factor of about 100. Such UCNPs can be excited in a broad
NIR wavelength region (more than 150 nm) with a large
σabs(λ) of 1.47 × 10−14 cm2 per single nanoparticle [78].

Dye sensitization was also used for the tailoring of the
excitation bands of dye-sensitized UCNPs to realize
excitation-wavelength-selective imaging [94]. For example,
20-nm β-NaYF4:20%Yb3+,2% Er3+ nanoparticles were treat-
ed with nitrosonium tetrafluoroborate to remove hydrophobic
organic ligands remaining from the synthesis and were subse-
quently coated with different concentrations of a series of NIR
dyes (IR-783, IR-808, IR-820, and IR-845), with systemati-
cally increasing absorption wavelengths. Significantly en-
hanced UCL was also achieved by Wu et al. [95] by their
combining dye sensitization with protective shells in dye-
sensitized core–active-shell UCNPs. Here, the UCNP shell
was doped with Yb3+ ions to bridge energy transfer from the
NIR dye to the UCNP core. Such materials are of interest for
imaging as well as security applications [96].

For all concepts and applications involving FRET with
UCNPs, it must be kept in mind that each UCNP consists of
a large number of individual emissive lanthanide ions with
multiple transition dipole moments [97]. Hence, UCNP
FRET is substantially different from FRET between two or-
ganic dyes (ideally present in a 1:1 stoichiometry) or between
semiconductor quantum dots and dyes [98] as photon UC
involves energy transfer cascades between several Ln3+ ions
and competition with nonradiative deactivation pathways.

Multicolor and high-energy excitation

UCNPs are used under quite different excitation conditions.
For example, particularly in vivo studies are commonly per-
formed at relatively low P (P < 1W cm-2) [99] and assays with

Fig. 5 a The active-core–active-shell nanoparticle architecture for
photon upconversion on 808-nm laser excitation. Nd3+ and Yb3+ ions
are simultaneously co-doped in both the core and the shell, and act as
co-sensitizers to absorb the excitation energy and subsequently transfer it

to the Ln3+ activator ions (e.g., Er3+ or Tm3+). b The energy transfer
mechanism in these active-core–active-shell UCNPs. (Reprinted with
permission from [91])

Fig. 6 Multidimensional energy cascaded upconversion in dye-
sensitized core–active-shell NaYF4:Yb3+/X3+)@NaYF4:Nd3+/
Yb3+nanocrystals. a Multidimensional energy transfer pathways from
the NIR dye molecules on the particle surface to the Ln3+ ions in the
core. b Absorption (dashed red line) and emission (solid black line)
spectra of the NIR dye indocyanine green (ICG) and absorption spectra
of Nd3+ (solid green line) ions and Yb3+ (solid blue line) ions. (Adapted
with permission from [93])
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P < 100 W cm-2 [100, 101], with UCL being far from satura-
tion. Mechanistic ensemble studies are increasingly done as a
function of P (i.e., at P ranging from approximately 1 W cm-2

to approximately 5000 Wcm-2) [102, 103]. Single-particle
measurements with microscopic setups and focused lasers
are performed at very high P (P > 105 W cm-2 up to about 5
× 106 Wc m-2; saturation excitation) [104, 105]. Several re-
search groups have recently demonstrated that UCL
quenching can be partly overcome by higher P [102, 105].
For example, recent studies by Zhao et al. [103] revealed that
high P can alleviate concentration quenching for higher acti-
vator concentrations, resulting in enhanced UCL. The
resulting UCNPs were bright enough to allow remote tracking
of very small single particles [103]. Studies by Gargas et al.
[105] demonstrated that UCL quenching channels such as
surface defects, which become critical at diameters below 20
nm, can be overcome by high P. This underlines that factors
known to increase UCNP brightness in ensemble measure-
ments lose relevance at the much higher P used for single-
particle studies. HighP is also amenable to color tuning, there-
by exploiting the different photonic nature of the various emis-
sion bands and the manifold of population channels offered by
the different energy levels of, particularly, the activator ions.
Moreover, modulation of P by variation of the excitation rep-
etition rate was used to control the green and red UCL in
NaYF4:Yb

3+,Er3+ nanoparticles [106]. Saturation excitation
was also used for the switching between two-photon and
four-photon UC in Yb3+,Tm3+-doped NaYF4 nanoparticles
on the single-particle level using very high P between 3.5 ×
104 W cm-2 and to 1.1 × 107 W cm-2 [104]. Furthermore,
recently, high P in conjunction with excitation at 980 nm
and illumination at 808 nm has been even used for amplified
stimulated emission in single Yb3+/Tm3+-co-doped NaYF4
UCNPs with a dual-laser confocal microscope for super-
resolution nanoscopy [107].

These phenomena could hardly be detected in ensemble
measurements where the biphotonic 3H4 level always domi-
nates. Moreover, recently, Wang et al. [108] manipulated the
spectral profile and lifetime of the Ln3+ emission in UCNPs by
tailoring their nonlinear optical properties, using surface de-
fect engineering and doping to enhance energy distributions
and thereby the emitters’ sensitivity to P. Another interesting
approach to improve UCL efficiency is multiwavelength ex-
citation. This was recently demonstrated for Er3+-doped
NaYF4 nanoparticles [109]. Excitation of the green and red
emission of these NaYF4:1% Er3+ nanoparticles excited by
two single wavelengths, 790 nm and 1520 nm, leads to emis-
sion enhancement by factors of 3.05 and 1.53 respectively,
compared with the sum of the emission intensities resulting
from two separate single-wavelength excitations. This obser-
vation was attributed to ground-state and excited-state absorp-
tion, and could suggest a solution for the efficient utilization of
NIR light by solar cells.

Plasmonic enhancement

Plasmonic enhancement of UCL, or so-called plasmon-en-
hanced UC, aims at improving both absorption and emission
processes in UC materials by tailoring the electric and mag-
netic fields at the position of the UC emitter with high-
frequency electromagnetic resonances of electrons in
conducting materials, commonly noble metal nanoparticles
or shells [110, 111]. Typically, only electronic dipole transi-
tions can be efficiently enhanced by plasmonic effects, where-
as magnetic dipole transitions (most Ln3+ ions have mixed
electronic and magnetic dipole transitions) are much less if
at all affected.

Plasmonic effects exploit the fact that a plasmonic nanoan-
tenna like a noble metal nanoparticle or a metal shell can
influence a nearby emitter by (1) locally concentrating the
incident field and enhancing absorption and (2) modifying
the local density of energy levels, leading to faster radiative
decay rates, thereby enhancing emission. Indicative of the
latter are a concomitant shortening of the luminescence decay
times and, in the case of UCNPs, also the rise times [112].
Moreover, plasmonic effects can quench the luminescence by
increasing nonradiative decay rates. The interplay of these
three processes depends on spectral overlap between the res-
onances and absorption/emission frequencies, field overlap,
polarization, distances, antenna material, and pump power.
Also, the intrinsic quantum yield of the emitter must be con-
sidered, with low quantum yields as found in Ln3+-based UC
emitters allowing greater enhancement. Compared with other
materials, plasmonic effects in UC materials are further com-
plicated by (1) the multistep nature of the UC processes in-
volving long-lived intermediate states that each have compet-
itive decay pathways, which can be all affected by plasmon
resonances, (2) the interdependence of the populations of the
excited states involved in UC, and (3) the P-dependence of the
UC processes and the population and depopulation of the
energy levels involved. Furthermore, the illumination of plas-
monic structures can result in local heating effects that can
also influence UCL.

Different UC–plasmonic nanostructures have meanwhile
been realized with plasmon resonances matched to absorption
(intensity enhancement in excitation) and to emission in dif-
ferent geometries [78, 113–117]. For (bio)analytical applica-
tions, typically core–shell architectures consisting of a UC
core coated with a dielectric spacer layer consisting of, for
example, silica or layer-by-layer assembled polyelectrolyte
multilayers of a few nanometers up to several tens of nano-
meters in thickness covered with gold or gold nanoparticles
(GNPs; spherical particles or rods) or a closed metal shell
should be attractive [118, 119]. A summary of enhancements
factors for different materials and different geometries taken
from [110] is shown in Fig. 7. A comparison of the different
approaches reported so far is, however, almost impossible
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because of the variability in experimental parameters chosen
and reported, particularly P, and the sometimes questionable
characterization of the materials (see also BQuantitative spec-
troscopic studies of UCL and ΦUC and challenges^).

A very recent and interesting example of the simulation of
the changes in the spontaneous emission of the UCL and the
influence on the nonlinear UC processes is shown in Fig. 8,
demonstrating the effect of 300-nm spherical GNPs (diameter
of 300 nm) on the absorption, UCL, and ΦUC of an
upconverter in the vicinity of these GNPs, also considering
different P [120]. This was realized with a comprehensive 3D
computation-based approach using Mie and electrodynamic
theory and a UC rate equation model. Regarding the still de-
bated influence of plasmonic structures and local density of
photon states on the rate of energy transfer UC, the most
significant UC process for Ln3+-doped UC materials, modi-
fied energy transfer rates caused by an altered decay rate of the
donor or acceptor state were also considered. According to
these simulations, the nonradiative losses are particularly
strong at very short distances between the dipole emitter and
the GNP, and reach 10% of the intrinsic spontaneous emission
rate for distances larger than about 50 nm. UCL enhancement
was optimum for a distance of about 35 nm to the GNP sur-
face and UCL was strongly quenched for distances less than
40 nm. Maximum ΦUC enhancement was determined to be
117% for the GNPs at a low incident P of 0.01 W cm-2 and

decreased with increasing P. Moreover, Fischer et al. [120]
clearly emphasized that depending on whether absorption,
UCL, or ΦUC is to be maximized, the UC material must be
placed at positions different from the position of the plasmonic
material.

Quantitative spectroscopic studies of UCL and ΦUC

and challenges

A major factor hampering the full exploitation of the applica-
tion potential of UCNPs is the challenging characterization of
their spectroscopic key features. The need to improve the op-
tical properties of UCNPs, identify radiationless deactivation
pathways, and develop optimum design strategies for brighter
UCNPs is closely linked to quantitative studies of UCL and
the availability of reliable UCL data and enhancement factors.
This is particularly true forΦUC values, which provide a direct
measure of the efficiency of the conversion of absorbed light
into photoluminescence (UCL and DC luminescence with the
latter being neglected). A definition of ΦUC is given in Eq. 1:

ϕUC Pð Þ ¼ Nem

Nabs
; f orλem < λabs ð1Þ

where Nem is the number of photons emitted with a wave-
length λem < λabs, which is obtained from the integral emission
intensities of all (spectrally corrected) UC emission bands
(except for sensitizer luminescence), and Nabs is the number
of photons absorbed [9, 52].

In contrast to linear emitters such as organic dyes or semi-
conductor quantum dots, which can come close to having Φf

values of unity, it is evident from Eq. 1 that for a purely
biphotonic process, ΦUC can maximally converge to 0.5 in
the case of saturation. Typically, ΦUC is much smaller—on
the order of about 10% for efficient bulk UC materials—and
about a factor of 10 smaller for highly efficient UCNPs in a
dispersion. This generally accepted measure of the lumines-
cence efficiency of molecular and nanoscale emitters is par-
ticularly difficult to obtain for UC materials because of the
multiphotonic nature of the excitation process, which intro-
duces a dependence on P (see Eq. 1). Although the
photoluminescence quantum yields of transparent solutions
of conventional linear emitters such as organic dyes or semi-
conductor quantum dots can be principally measured relative-
ly, by comparison of the absorption-weighted integral fluores-
cence intensities of a sample and a standard of knownΦf using
of a spectrofluorometer [121, 122], the P-dependence of ΦUC

makes absolute measurements with an integrating sphere
mandatory [10, 123]. In this case, Nem is obtained from the
integral emission intensities of all (spectrally corrected) UC
emission bands (except for the sensitizer luminescence); Nabs

results from the integrated difference of the spectrally

Fig. 7 Enhancement factors reported for two-photon upconversion from
Ln3+-doped UCNPs (green dots), Er3+-doped substrates (red dots), and
bimolecular films (blue dots) using a variety of plasmonic geometries.
The plasmonic material is indicated with either a yellow ring (gold) or a
gray ring (silver). Schematics of each geometry’s cross section are
included, with gray indicating a plasmonic material, orange indicating
an upconversion material, and blue indicating a substrate or dielectric
spacer. (Reprinted with permission from [110])
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corrected measurement of the transmitted incident radiant
powers of a blank (solvent or solvent and scatter) and the
sample in the wavelength range of excitation [51, 52, 121,
122]. Moreover, P must also be precisely determined. The P-
dependence of ΦUC also imposes stringent requirements on the
spatial homogeneity of the P distribution of the excitation beam
profile used for ΦUC measurements, which must be considered
by an appropriate design of the measurement setup as only
recently addressed in detail by Kaiser et al. for UCNPs dis-
persed in toluene [118]. Furthermore, a single ΦUC value at a
givenP is not sufficient to characterize the performance of a UC
material, for which knowledge of the P-dependence of ΦUC

and/or the saturated UCL quantum yield ΦUC,sat is needed [7].
In addition to the challenging radiometric characterization of
the integrating sphere, particularly the determination of the
wavelength-dependent spectral responsivity, other pitfalls can
arise from size- and wavelength-dependent scattering of the
UCNPs [122], which can also affect the P distribution within
the exited sample volume. Only such absolute or quantitativeP-
dependent measurements of UCL provide really accurate and

comparable UCL spectra, intensity ratios (green-to-red intensity
ratios), and photonic orders (equaling the so-called slope factor
n, which gives the number of photons required for the popula-
tion of an emissive energy level) of the respective UC emission
bands for mechanistic insights into excited-state (de)population
pathways of the different energy levels and assessment and
improvement of material performance.

The complicated absolute measurement of UCL intensities
and efficiencies together with the lack of commercial instru-
mentation such as a stand-alone integrating sphere setup for
UCL affects the reliability of luminescence efficiencies, ΦUC

values, and/or luminescence enhancement factors reported in
the literature. This makes a quantitative assessment and com-
parison of UCL enhancement strategies difficult. Presently,
most ΦUC values and enhancement factors are obtained from
relative luminescence measurements with a spectrofluorome-
ter or an integrating sphere [3, 124] with use of either an
organic dye such as IR-26 [99] or another UC material [125]
as the reference, although the suitability and limitations of this
approach and the resulting measurement uncertainties have

Fig. 8 Change factors of the spontaneous emission and additional
nonradiative loss channels due to the presence of the spherical gold
nanoparticles (GNP) for two different polarizations of the electric dipole
emitter as a function of the distance to the GNPwith a diameter of 300 nm
for a 1523-nm and b 980-nm dipole emitters. c Radiative and
nonradiative change factors averaged over the polarizations—that is, the

orientation of the emitting dipole relative to the surface of the GNP, either
parallel (PPOL) or perpendicular (SPOL)—and d an enlargement of the
data from c to better visualize the values close to 1. The enhancement
factors for the different nonradiative and radiative processes are
represented by γ. (Adapted with permission from [120])
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not been assessed yet. Moreover, often, only values for a sin-
gle P are given. Only recently, an increasing number of abso-
lute ΦUC measurements has been reported [102, 123,
126–130], with the highest ΦUC values of Yb3+,Er3+-based
systems stated so far being 7.8% for a NaYF4:Yb

3+,Er3+

micrometer-sized NaYF4:Yb
3+,Er3+ powder at P of 22 W

cm - 2 [ 1 2 8 ] , a n d 6 . 7% f o r 4 0 - nm c o r e – s h e l l
LiLuF4:Yb3+,Er3+ particles at P of 127 W cm-2 [130].
Nevertheless, often a detailed description of the instru-
mentation and actual performance of the measurements
is missing. To improve the reliability of ΦUC data and
determine typical uncertainties, interlaboratory compari-
sons of ΦUC(P) measurements of representative UCNPs
are required, with all participants measuring the same ma-
terials [131]. This could also be used to establish a set of
spectroscopically well characterized UCNPs as quantum
yield standards for quantitative UCL studies, thereby pro-
viding tools for establishing these techniques in different
laboratories worldwide.

New spectroscopic trends: photoluminescence
measurements beyond 1000 nm exploiting also the DC
emission of NIR-excited Ln3+-based nanoparticles

A current trend in fluorescence imaging is the use of optical
reporters with emission in the so-called SWIR or second NIR
(NIR-II) biological window from approximately 1000 to
1700 nm [132, 133]. Emission in the SWIR (sometimes as-
cribed to the wavelength region from 1000 to 1350 nm or
1400 nm) is better suited for deep tissue and high contrast
optical imaging than emission in the NIR, yielding improved
signals and improved resolution at all tissue depths, most like-
ly owing to the reduced scattering of photons in this wave-
length region. This minimizes image blurring. A very promi-
nent example is the through-skull fluorescence imaging of the
brain [134]. The future importance of this trend is underlined
by recent reviews, where different NIR-emissive inorganic
luminescent probes for the first diagnostic window (NIR or
NIR-I, from approximately 650 to 950 nm) and the SWIR are
summarized [135–138].

Ln3+-based materials such as NaYF4:Yb
3+/Ln3+@NaYF4

core–shell nanoparticles are also attractive reporters for this
wavelength region, here exploiting not the NIR-excited non-
linear UCL of these UCNPs in the UV/visible/NIR but the
linear DC or Stokes-shifted emission of certain Ln3+ ions
downshifted to longer wavelength than the excitation. As
shown in Fig. 9a, Ln3+ ions such as Yb3+, Nd3+, Pr3+, Tm3+,
and Er3+ display emission bands above 1000 nm that are ac-
cessible either by direct excitation of the respective emissive
Ln3+ ion (which, however, can have a very low absorption
cross section) or by so-called NIR-to-SWIR UC resulting in
the DC luminescence (DCL) of the Ln3+ ions [133]. The su-
perior tissue transmission of the SWIR emission of Ln3+-

based materials (1525 nm) compared with conventionally
used NIR emission (808 nm) follows from Fig. 9b [133].
The increasing interest in the SWIR wavelength region trig-
gered the first comparisons of the luminescence properties and
SWIR imaging potential of Ln3+-based materials and, for ex-
ample, SWIR-emissive semiconductor nanocrystals
[135–138].

Principally, both UCL and DCL of Ln3+-based UCNPs can
be used for signaling, sensing, and imaging. Moreover, in
principle, measurements of nonlinear UCL and linear DCL
can be performed simultaneously, which allows imaging in a
very broad spectral region. It has to be kept in mind, however,
that an efficient DC emission may be counterproductive for a
high UCL. A particularly elegant example of imaging in the
SWIR with Ln3+-based nanoparticles commonly used as
UCNPs was recently reported by the Prasad group [139] with
NaYF4:Yb

3+/X3+@NaYbF4@NaYF4:Nd
3+ (X is no ion, Er3+,

Ho3+, Tm3+, or Pr3+) nanocrystals, surface functionalized with
the light-harvesting NIR dye indocyanine green (ICG). These
nanoparticles produced a set of narrowband DC emissions
with a large Stokes shift (more than 200 nm) in the SWIR
by directional energy transfer from ICG, via Ln3+ ions in the
shells, to the emitter X3+ in the core. These materials, which
are excitable in the wavelength region from 700 to 860 nm,
provide a better imaging profile than Yb3+/Tm3+-co-doped
UCNPs imaged in the NIR region (termed also NIR-I), here
from 700 to 950 nm [139].

A prerequisite for SWIR imaging with Ln3+-based mate-
rials and other reporter candidates is in any case reliable quan-
titative spectroscopic studies in this still challenging wave-
length region as underlined in the previous section for UCL
measurements. The assessment and comparability of optical
reporters for the SWIR is currently complicated by the lack of
established calibration procedures and standards for this rather
newwavelength region. For example, the rather large variabil-
ities in fluorescence quantum yields in this spectral region was
only recently demonstrated for SWIR-emissive dyes such as
IR-26 and semiconductor quantum dots, yielding variations
by factors of 5–10 [52, 140].

Conclusion and future directions

In summary, in recent years, the synthesis of UCNPs has ma-
tured with synthetic routes to sophisticated core–shell nano-
structures with increasingly precise control of the dopant level
and shell thickness emerging, which allows many interesting
applications in the life and material sciences. The design of the
next generation of UCNPs will focus on strategies that
provide precise control over the size and crystal phase as well
as dopant concentration and its local homogeneity and that
allow tuning of the bandwidth and color for spectral align-
ment. Of increasing relevance will also be the reproducibility
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and potential for upscaling for the preparation of large batches
of high-quality UCNPs (core-only and core–shell nanostruc-
tures). As a general trend, the search for new and improved
design concepts for UCNPs will be increasingly guided by
quantitative spectroscopic studies of UCL and measurements
of the UC quantum yield (ΦUC) in different UC nanostructures
as well as theoretical simulations of the energy transfer mech-
anism in these UC materials. In particular, the design of new
core–shell nanoparticles will be explored to improve the low
brightness of existing UCNPs. Additional strategies such as
plasmonic enhancement or the recently reported magnetic
field modulation of UCNPs [140] may also play a role. In this
respect, protocols for the determination of particularly rele-
vant performance parameters such as ΦUC will be required
to pave the way for a standardized comparison of UC
nanomaterials and enhancement concepts. An example is the
recently reported protocol for the relative and absolute deter-
mination of fluorescence quantum yields of nonscattering so-
lutions of dyes and colloidal quantum dots [121]. Moreover,
analytical tools and protocols for the characterization of
UCNPs need to be better standardized as is currently being
done for other nanomaterials as well [148]. Because of doping

with different Ln3+ ions and the importance of the spatial
distribution of the different sensitizer and activator ions, this
presents a particular challenge. Moreover, the tailoring of
UCNPs for specific applications regarding laser power density
P (low P of about 10 W cm-2 as used, e.g., in assays; standard
imaging and spectroscopy applications with P of about 10–
100 W cm-2 and high P > 105 W cm-2 as used for single-
particle studies) and surface modification is important for op-
timum material performance. In this respect, it could also be
mandatory to revisit optimum dopant concentrations for dif-
ferent UC host materials, UCNP sizes, and environments/ap-
plications. This could be addressed, for example, with UCNP
libraries that allow fast screening of suitable dopant concen-
trations and dopant ratios under application-relevant condi-
tions as recently shown by Chan [149].

For the broad use of UC (nano)technology, commercial
instrumentation for different types of UC measurements/
applications will be required. Currently, commercial instru-
mentation for the readout of UCNPs is very limited, and most
research groups around the world use custom-built instrumen-
tation for their measurements, which is often not well charac-
terized, for example, with respect to the beam profile and laser

Fig. 9 NaYF4:Yb
3+/

Ln3+@NaYF4 core–shell
nanoparticles (Ln3+ is Er3+, Ho3+,
Tm3+, or Pr3+) as NIR-II or short-
wavelength infrared (SWIR)
reporters. a SWIR or NIR-II
emission spectra and energy
diagram of lanthanide-doped
nanoparticles. b Comparison of
the tissue transmission of SWIR
or NIR-II emission (1525 nm)
compared with NIR emission
(808 nm). cMultispectral imaging
of tumor using SWIR or NIR-II
fluorescent reporters. (Reprinted
with permission from [133])
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power density reaching the sample. Hamamatsu developed a
first prototype of an integrating sphere setup equipped with a
980-nm laser diode for absolute measurements of UCL and
ΦUC.

In support of these developments and needs, COSTAction
CM1403 BThe European Upconversion Network: From the
Design of Photon-Upconverting Nanomaterials to
Biomedical Applications^ was established. The goal of
COSTAction CM1403 is to address many of these challenges
of UC technology highlighted in this review series. This
ranges from the reproducible and upscalable preparation of
high-quality UCNPs and the development of spectroscopic
characterization tools with particular focus on absolute mea-
surements of P-dependent UCL and ΦUC for the quantifica-
tion of luminescence quenching channels and protocols for
surface functionalization to applications in fluorescence as-
says, bioimaging studies, and sensor materials in a multidisci-
plinary approach.
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