7 ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online
View Journal | View Issue

MINIREVIEW

Overcoming thermal quenching in upconversion

’ '.) Check for updates ‘
nanoparticles

Cite this: Nanoscale, 2021, 13, 3454

Yanze Wang, @ +2° Bing Chen & 1*° and Feng Wang (& **

Thermal quenching that is characterized by loss of light emission with increasing temperature is widely
observed in luminescent materials including upconversion nanoparticles, causing problems in technologi-
cal applications such as lighting, displays, and imaging. Because upconversion processes involve extensive
intra-particle energy transfer that is temperature dependent, methods have been established to fight
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against thermal quenching in upconversion nanoparticles by engineering the energy transfer routes. In
this minireview, we discuss the origin of thermal quenching and the role of energy transfer in thermal
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1. Introduction

Luminescent materials have been playing important roles in a
variety of modern technologies such as lasers, displays, and
solar energy conversion." As a unique class of luminescent
materials, lanthanide-doped upconversion nanoparticles
(UCNPs) are particularly useful for biomedical and photonic
applications due to their ability to generate visible and ultra-
violet emissions by excitation of near-infrared light, which is
less absorbed and scattered than the conventional ultraviolet
excitation light.>® Due to their advantages of a large anti-
Stokes frequency shift, high chemical stability, sharp emission
peak, and low toxicity, UCNPs excel in many aspects than
other types of optical materials such as quantum dots and
organic dyes."' "*

In practical applications, a luminescent component should
display bright emission that is stable against variations in the
environment such as temperature. However, most luminescent
materials show attenuation of emission intensity with the
increase in the temperature, which is well known as thermal
quenching.’®"® Typically, thermal quenching in UCNPs is
more complicated and severe than that in relevant Stokes shift-
ing luminescent materials because the multiple excited states
involved in the upconversion process are all subjected to
thermal deactivation (Fig. 1)."°™*° The problem has stimulated
considerable research interest in combating thermal quench-
ing in UCNPs."!
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quenching. Accordingly, recent efforts in overcoming thermal quenching of upconversion are

In this minireview, we focus on recent advances in the
development of UCNPs that are resistant to thermal quench-
ing. In section 2, we discuss various thermal quenching
mechanisms and their influence on lanthanide-based upcon-
version. Accordingly, recent efforts in overcoming thermal
quenching are reviewed in section 3.
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Fig. 1 Schematic illustration of nonradiative quenching in (a) down-
shifting and (b) upconversion luminescence processes. (c) Reported
relative emission intensity as a function of temperature in typical in-
organic luminescent materials, demonstrating the higher susceptibility
of upconversion to thermal quenching than relevant down-shifting
luminescence. The emission intensities at the room temperate are set as
unity.
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2. The origin of thermal quenching

Thermal quenching of luminescence results from the
increased dissipation of excitation energy at elevated tempera-
tures, which can be due to the prevalence of nonradiative relax-
ations in individual luminescent centres and enhancement of
interionic processes involving electron and energy transfer

(Fig. 2).

2.1 Thermal quenching in individual luminescent centres

Apart from emitting light, an excited luminescent centre has
several possible deactivation channels, such as multiphonon
relaxation, crossover and thermal ionization (Fig. 2a-c). In
general, these nonradiative processes are enhanced with an
increase in temperature due to the increased vibrational
energy of the host lattice, thereby leading to increased loss of
light emission.

Multiphonon relaxation is a quenching process in which
the energy gap (AE,,) between the excited state and the next
lower-lying state is bridged by simultaneously emitting
phonons (Fig. 2a).">™*> The probability of multiphonon relax-
ation (K,,;) is dependent on AE,, and phonon energy (hw) in
the host lattice as described by eqn (1)*°

ABy
Ky o€ exp(—ﬂ%) (1)

where f is an empirical constant of the host. Multiphonon
relaxation can occur at low temperatures. However, the multi-
phonon transition rate increases with the increase in tempera-
ture, because the thermally populated phonon modes in the
host lattice can induce stimulated emission of phonons.*”
Crossover is a thermally activated process in which elec-
trons at the excited energy level jump over the intersection
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between the excited state and the ground state parabola by
overcoming an energy barrier (AE), followed by nonradiative
relaxation to the ground state (Fig. 2b).*®* The probability of
crossover is strongly dependent on the polyhedral average
bond length difference between the excited state and the
ground state (AR). A large AR results in a small AE and thus a
strong thermal quenching effect.

Thermal ionization involves the ejection of electrons from
the localized excited state to the conduction band (CB) of the
host material, as shown in Fig. 2¢."® After thermal stimulation,
the ionized electrons often recombine nonradiatively with the
photo-oxidized luminescent centre. Alternatively, the ionized
electrons may be captured by traps in the host (e.g., substitu-
tional impurity atoms, vacancies and anti-site defects), fol-
lowed by various relaxation processes.’® In both cases, the
light output from the original luminescent centre is reduced.

Electronic transitions in lanthanide dopant ions primarily
occur within the 4f orbital that is shielded by the 5s and 5p
orbitals, resulting in extremely small changes in the polyhedral
average bond length. Therefore, direct thermal quenching in
upconversion centres is mainly induced by multiphonon
relaxation.

2.2 Thermal quenching due to interionic processes

In addition to intra-ionic transitions, a luminescent ion may
lose its excitation energy to an adjacent optical centre by elec-
tron or energy transfer (Fig. 2d-f), which is typically enhanced
by thermal energy and eventually leads to the quenching of
emission.

Optical quenching by electron transfer is illustrated in
Fig. 2d for a system comprising two species A and B, which
involves a ground state (A + B), an excited state (A* + B), and a
charge transfer (CT) state (A" + B7).>'* The CT state bridges
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Fig. 2 Summary of thermal quenching mechanisms in inorganic luminescent materials. (a) Multiphonon relaxation that can be stimulated by
phonon modes in the host lattice. (b) Configurational coordinate (R) diagram illustrating the thermally activated crossover quenching process. (c)
Configurational coordinate diagram of the thermal ionization process, in which electrons were directly excited into the conduction band (CB). (d)
Configurational coordinate diagram showing quenching through the charge transfer band (CTB). (e) Nonradiative decay due to energy transfer to a
quenching centre, which strengthens with the increase in temperature. (f) Optical quenching due to energy hopping through the dopant sublattice.
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the excited state and ground state in a process that resembles
crossover, leading to quenching of the emission. CT typically
occurs between two optical centres with opposite redox ten-
dencies (e.g., Eu*" and Ce**),>*>® which results in a low CT
state energy favourable for the crossover to proceed.

The principle of energy transfer between two species was
developed by Férster and Dexter.””>® The probability of energy
transfer (Pgy) largely depends on spectral overlap between the
energy donor and acceptor pairs according to eqn (2).>%>°

Per o .[fD<E>  (E)dE (2)

where f(E) and fy(E) are normalized shape functions of the
donor emission and acceptor absorption over energy (E),
respectively. Due to thermal broadening of the spectrum as a
result of vibronic coupling, spectral overlap typically improves
with an increase in temperature, leading to enhancement of
energy transfer (Fig. 2¢).°° Thermal energy also promotes
energy transfer processes by making up the energy mismatch
between the energy donor and acceptor.®*

UCNPs typically comprise a large number of lanthanide
dopant ions (e.g., Yb*") that undergo extensive energy transfer
interactions in the host lattice. Consequently, a lanthanide ion
that is far from a quenching centre may be affected following
multiple energy transfer steps (energy hopping) through the
dopant sublattice (Fig. 2f).°*®® The energy hopping process
exhibits a complex dependency on temperature and can be
harnessed to manipulate the thermal quenching process.

3. Recent efforts in overcoming
thermal quenching

Nonradiative relaxation processes in individual luminescent
centres can hardly be alleviated as the temperature increases.
Attempts to overcome thermal quenching are thus mainly
based on the suppression of energy transfer to quenching sites
at high temperatures. Because the luminescent centres (or acti-
vators) in UCNPs also receive energy from sensitizers (e.g.,
Yb** co-dopants), the effect of thermal quenching may alterna-
tively be offset by thermal enhancement of the sensitization
process.

3.1 Thermal alleviation of energy dissipation

Nanoparticles are characterized by large surface-to-volume
ratios and most quenching processes occur at the nanoparticle
surface. In particular, surface absorbed water molecules
induce significant quenching of upconversion emission by
introducing high energy oscillation modes such as O-H
vibration.®*

An increase in temperature typically induces desorption of
water molecules and thus results in the alleviation of surface
quenching, which offset thermal quenching and may even-
tually lead to enhancement of upconversion emission at elev-
ated temperatures (Fig. 3a). The major origin of the energy
loss in UCNPs is the strong interaction between heavily doped
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Fig. 3 (a) Schematic diagram of temperature-dependent energy
exchange interactions between sensitizer and activator ions as well as
between sensitizer ions and surface H,O molecules in UCNPs. The navy
and red spheres represent sensitizers and activators, respectively. (b)
Emission spectra of NaGdF,4:Yb/Ho (20/2%) nanoparticles in the temp-
erature range of 30-150 °C. (c) Integral emission intensities of NaGdF:
Yb/Ho (or Er, Tm) (20/2%) nanoparticles as a function of temperature
under Ar and Ar/H,O atmospheres, respectively. The intensities were
normalized to those at 30 °C. Reproduced with permission from ref. 70.
Copyright 2018, American Chemical Society.

sensitizer ions (e.g., Yb>*) and high-energy oscillations of H,O
molecules.®”®® In addition to multiphonon relaxation, the
dopants may also be coupled to overtone transition of H,O
molecules.®” Owing to the elimination of water-induced
surface quenching, Jiang and co-workers observed a 12.6-fold
enhancement of upconversion emission from NaGdF,:Yb/Ho
(20/2%) nanoparticles under an Ar/H,O atmosphere as the
temperature increased from 30 to 150 °C (Fig. 3b).”° The
control experiment revealed that the luminescence was ther-
mally quenched under a dry Ar atmosphere (Fig. 3¢ and d),
which validated the role of water desorption for enhancing
upconversion luminescence. The thermal enhancement
process was reversible and can also be realized in NaGdF,:Yb/
Er (or Tm) (20/2%) nanoparticles. A similar result was reported
by Meijerink and co-workers, who observed a 3-fold thermal
enhancement of integral upconversion emission of Er’* ions
in NaY(WO,),:Yb/Er (49/1%) nanoparticles from 330 to 470 K
under an ambient atmosphere.”" By contrast, thermal quench-
ing of upconversion emission was observed in dry N,.

In a follow-up study, Jiang and co-workers reported wave-
length-selective enhancement of upconversion in NaGdF,:Yb/
Ce/Ho (20/30/2%) nanoparticles due to water desorption at
elevated temperatures.”” Under 975 nm excitation, the green
and red emission intensities at 450 K were about 1.7- and 10.2-
fold stronger than those at 300 K, respectively. As a result, the

This journal is © The Royal Society of Chemistry 2021
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emission colour clearly shifted from green to red with the
increase in temperature, which was attributed to a thermally
enhanced cross-relaxation between Ho®>" and Ce®* ions.
Notably, continuous laser irradiation was found to induce a
heating effect, which can result in water desorption and thus
modulation of upconversion emission.

Surface quenching may also affect dopant ions in the
interior of the nanoparticles via energy migration.”>”7® An
increase in temperature normally causes the expansion of the
host lattice, which hampers the long-distance energy migration
process and consequently alleviates the quenching process
(Fig. 4a). In an early example, Wang and co-workers described
an anomalous temperature-dependence of upconversion
luminescence in NaGdF,:Yb/Eu (20/10%) nanoparticles, which
was related to energy migration through the sublattice of Yb**
sensitizers.”” As a result of suppressed energy migration, a
16-fold enhancement of upconversion emission in Eu** ions
(°Dy — ’F, transition) was detected as the temperature
increased from 303 to 423 K (Fig. 4b). In a recent study by our
group, a thermal enhancement of upconversion emission was
observed in oleate-capped NaYbF,:Er (2%)@NaLuF,:Yb (25%)
UCNPs in the temperature range of 298-473 K, ascribed to
lattice-expansion-induced interruption of energy migration
among Yb®" ions that were located in the core and active shell
(Fig. 4c).”® When surface quenching effect was eliminated
using an inert NaLuF, shell, however, normal thermal quench-
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Fig. 4 (a) Thermal suppression of energy migration to surface quench-
ers by lattice expansion. (b) Temperature-dependent upconversion
emission spectra (excitation at 980 nm) of NaGdF,4: Yb/Eu UCNPs with a
size of 10 nm. Adapted with permission from ref. 77. Copyright 2017,
Royal Society of Chemistry. (c) Emission intensities at 657 nm due to
“Fo/2 — 15> transitions of Er®* as a function of temperature in oleate-
capped NaYbF4:Er (2%)@NaLuF4:Yb (25%) and NaYbF4:Er (2%)@NaLuF,
core-shell nanoparticles, respectively. Adapted with permission from
ref. 78. Copyright 2019, American Chemical Society.
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ing other than thermal enhancement of upconversion was
observed in the same temperature range (Fig. 4d).

It is clear from the above discussions that the thermally
enhanced upconversion in this category is essentially an emis-
sion recovery process. If the UCNPs are initially protected
against surface quenching in host materials with a core-inert
shell structure or a large size, thermal quenching of upconver-
sion luminescence is generally detected.””®® Intriguingly, by
integrating upconversion components displaying distinct
thermal properties in a single nanoparticle or a nanoparticle
mixture (Fig. 5a), novel systems can be constructed for appli-
cations such as thermometry®"®* and thermochromism.®"%¢-%8

In a recent example, Mi et al. prepared a class of NaYF,:Yb/Er
(20/2%)@NaYF,@NaYF,:Yb/Nd (60/4%) nanorods (Fig. 5b).*°
It was reported that the Yb/Nd couple at the nanorod surface
showed thermally enhanced emission, while the Yb/Er couple
in the core of the nanorod exhibited thermally quenched
luminescence. Based on the emission intensity ratio of Nd**
and Er*", sensitive nanothermometry (9.6%/K at 303 K) with a
fast temperature response was demonstrated. In another devel-
opment, Hu et al. constructed a class of thermochromic nano-
composite inks by mixing NaGdF,:Yb/Tm (20/1%)@NaGdF,
core-inert shell and NaGdF,:Yb/Er (20/1%)@NaGdF,:Yb (20%)
core-active shell nanoparticles (Fig. 5¢), which displayed ther-
mally quenched and enhanced upconversion, respectively.”
The thermochromic nanocomposite inks are potentially useful
for anticounterfeiting applications.
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Fig. 5 (a) Schematic illustration of integrating upconversion com-
ponents displaying distinct temperature dependence of luminescence.
(b) Emission spectra of NaYF4:Yb/Nd (20/6%)@NaYF,@NaYF4:Yb/Er (20/
0.5%) nanorods in the temperature range of 298-413 K. Adapted with
permission from ref. 89. Copyright 2019, American Chemical Society. (b)
Emission spectra of NaGdF4:Yb/Er@NaGdF, nanoparticles mixed with
NaGdF,:Yb/Er@NaGdF,:Yb in the temperature range of 30-150 °C.
Adapted with permission from ref. 90. Copyright 2019, Wiley-VCH.
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3.2 Thermal enhancement of energy collection

A majority of upconversion processes are based on energy
transfer from the sensitizer (e.g., Yb**) to activator (e.g., Er’")
ions. Such energy transfer processes can be enhanced with the
increase in the temperature, which may offset thermal quench-
ing in activator ions and even lead to enhancement of upcon-
version emissions at elevated temperatures.

The energy transfer in UCNPs is usually a phonon-assisted
process that is temperature dependent.’®® Due to the
quantum confinement effect, a cut-off of low-energy phonons
in UCNPs was reported at low temperatures.”*> Fortunately,
an increase in temperature can mitigate the confinement
effect, thereby promoting the energy transfer processes
(Fig. 6a). In an early example, Jiang and co-workers reported
thermally enhanced luminescence in small-sized NaYF,:Yb/Er
(20/2%) UCNPs (24 nm), which was attributed to the activation
of the phonon-assisted energy transfer process.”’ The ther-
mally activated phonons make up the energy mismatch
between Yb** and Er**, thereby facilitating the energy transfer
process (Fig. 6b). Under 975 nm laser excitation, the lumine-
scence intensity of Er’" in the UCNPs increased 2-fold as the
temperature increased from 298 to 358 K (Fig. 6¢). In another
study, Zhou et al. reported that as the temperature increases
from 300 K to 453 K the oleate-capped NaYF,:Yb/Tm (49/1%)
UCNPs would produce more surface phonons due to the
[Yb---O] complexes, which made up the energy gap between
Yb** sensitizers and Tm®* activators, thereby resulting in
about 2000-fold enhancement of the blue emission in Tm?*"
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Fig. 6 (a) Thermal activation of phonon-assisted energy transfer. (b)
Mismatch of energy levels between Yb®* and Er®* ions, illustrating the
need for phonon participation in the energy transfer process. (c)
Temperature-dependent upconversion emission spectra of NaYF4:Yb/Er
(20/2%) UCNPs (24 nm) in the temperature range of 25-125 °C.
Reproduced with permission from ref. 79. Copyright 2014, American
Chemical Society.
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('G, — °F4).°® However, due to the extremely weak emission of
the UCNPs at room temperature, the enhancement effect may
be overvalued. On a separate note, Shi et al. suggested that the
thermally enhanced upconversion in these small nanoparticles
may also be partly attributed to water desorption,®® which was
not examined in the original studies.

Recently, the temperature dependence of upconversion
luminescence has been assessed in host materials displaying
anomalous thermal contraction characteristics.””°® Owing to
the negative thermal expansion (NTE), sensitizer-activator
pairs are brought in close proximity at elevated temperatures,
which favours the energy transfer process and thus promotes
the upconversion emission (Fig. 7a)."® In a pioneering study
by our group, a 29-fold enhancement of green emission and a
13-fold enhancement of overall emission in Yb,W;0;,:Er (6%)
microcrystals were achieved by increasing the temperature
from 303 to 573 K (Fig. 7b)."®" The mechanistic investigation
confirmed that both light absorption by the Yb*' sensitizer
and energy transfer to Er’” activators were enhanced with the
increase in temperature, owing to lattice contraction and dis-
tortion. Subsequently, thermal enhancement of upconversion
luminescence was also observed in other NTE materials such
as Sc,M0305,:Yb/Ho (18/2%) microcrystals and ScFs:Yb/Er
(18/2%)@ScF; core-shell nanocrystals, demonstrating the
versatility of the NTE effect for enhancing upconversion in a
thermal field.'*>'%3

It is worth noting that luminescent centres may gain energy
from defect states in the host lattice at elevated temperatures,
which also opposes thermal quenching. In a representative
example, Kim et al. reported an electron loop (thermal ioniza-
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Fig. 7 (a) Thermal promotion of energy delivery to activator ions by
lattice contraction in negative thermal expansion crystals. (b)
Normalized emission intensities of Yb,WzO1,:Er (6%) nanocrystals as a
function of temperature. Inset: schematic of the lattice contraction and
distortion as the temperature increases. Adapted with permission from
ref. 101. Copyright 2019, Wiley-VCH.
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Fig. 8 (a) A simplified model for the zero-thermal-quenching due to
structural defects. (b) Temperature-dependent emission spectra of
Na3zSc,(PO,4)s:Eu (divalent, 0.7%) phosphors under 370 nm excitation in
the temperature range of 25-200 °C. Reproduced with permission from
ref. 104. Copyright 2017, Nature Publishing Group.

tion — defect trapping — detrapping) process in NazSc,(PO,)s:
Eu (divalent, 0.7%) blue-emitting phosphors to combat
thermal quenching."®* Na;Sc,(PO,); is a polymorphic material
that undergoes cation disordering upon heating, leading to
defect formation. The structural defects can trap thermally
ionized electrons followed by energy transfer to the Eu*" activa-
tors, thereby contributing to the recovery of light emission at
elevated temperatures (Fig. 8). To date, such defect-assisted
processes are primarily observed in down-shifting luminescent
materials.'® % Novel designs need to be adopted in order to
take advantage of the structural defects in UCNPs.

4. Conclusions

In conclusion, we have summarized various nonradiative
processes and addressed their temperature dependence.
Accordingly, recent efforts for alleviating energy dissipation
and enhancement of energy collection have been reviewed to
combat thermal quenching in UCNPs. By the rational selection
of host/dopant combination coupled with precise control of
the nanoparticle size and surface coating, novel UCNPs have
even been constructed to display thermally enhanced upcon-
version emission.

Despite the achievements, the exact mechanism for these
anti-thermal quenching phenomena is still a topic of debate
though various explanations have been proposed by different
research groups. Nanostructures often experience complex
changes during heat treatment and may be subjected to
chemical reactions even at moderate temperatures.''®!!
Therefore, special attention should be paid to the temperature-
dependent characterization of these nanomaterials in future
mechanistic investigations. On a separate note, the established
UCNPs that excel in thermal fields usually display poor upcon-
version performances. To achieve thermal enhancement of
upconversion, or more precisely thermal recovery of radiative
emission, lanthanide dopant ions are typically exposed to the
nanoparticle surface, leading to significant surface quenching
and thus low upconversion efficiency.

This journal is © The Royal Society of Chemistry 2021
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Considering the extensive investigations of upconversion in
NaYF, and its variants, future construction of UCNPs with
high performance at both room and high temperatures may
hinge on the development of new compositions and struc-
tures. One potential direction is to construct nonuniformly
coated core-shell UCNPs through strain engineering,''*>''?
which modifies the crystal parameters of the host lattice and
alters the crystal field around the luminescent dopants. In
addition, the thermal response of anisotropic core-shell
UCNPs is affected by multiple factors, thereby permitting the
study of competitive relationships between thermal enhance-
ment and quenching.

NTE hosts represent another important class of materials
for future exploration. The NTE effect leads to thermal modu-
lation of upconversion irrespective of the crystal surface
status,'®* % which offers great flexibility for optimizing the
luminescence efficiency. Given the large number of inorganic
crystals that are found to show NTE characteristics, such as
MgZrF,, CaZrF, and CaHfF,,''*"'® a family of new upconver-
sion materials can be constructed to combat thermal quench-
ing of luminescence.
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