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The development of lanthanide-doped non-contact luminescent nanothermometers with accuracy,
efficiency and fast diagnostic tools attributed to their versatility, stability and narrow emission band
profiles has spurred the replacement of conventional contact thermal probes. The application of lantha-
nide-doped materials as temperature nanosensors, excited by ultraviolet, visible or near infrared light, and
the generation of emissions lying in the biological window regions, I-BW (650 nm-950 nm), I[I-BW
(1000 Nnm—-1350 nm), llI-BW (1400 nm-2000 nm) and IV-BW (centered at 2200 nm), are notably growing
due to the advantages they present, including reduced phototoxicity and photobleaching, better image
contrast and deeper penetration depths into biological tissues. Here, the different mechanisms used in
lanthanide ion-doped nanomaterials to sense temperature in these biological windows for biomedical
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and other applications are summarized, focusing on factors that affect their thermal sensitivity, and con-
sequently their temperature resolution. Comparing the thermometric performance of these nano-
materials in each biological window, we identified the strategies that allow boosting of their sensing
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1. Introduction

Several chemical, physical and biological processes are temp-
erature-dependent. Thus, precise and accurate measurement
of the temperature is of paramount importance in countless
industrial and research applications.””

Nowadays, temperature sensors account for 80% of the
world-wide sensor market and expect to reach a value of $8.8
billion by 2027, according to Grand View Research, Inc.?
However, most of these temperature sensors are based on
contact thermometers, where the thermal reading is achieved
by direct physical contact of an invasive probe material with
the body in which the temperature should be determined.
Contact thermometers require conductive heat transfer and
need to reach a thermal equilibrium between the sensor and
the object under study. This connection might disturb the
measurement of the temperature at the object, leading to an
inappropriate determination of the exact temperature in some
cases. These measurements are especially affected when
dealing with nanoscale dimensions, in which the size of the
object under study is smaller than the sensor head of the
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thermometer.”™*® In addition, contact thermometers allow the

performance of only surface measurements. Modern require-
ments for temperature readings in areas such as microelec-
tronics, photonics, nanomedicine and diagnosis, and micro-
fluidics, among others, have led to the replacement of contact
thermometers and the development of non-contact nanoscale
thermometers.'* ™

Non-contact nanoscale thermometers can provide feedback
of the local temperature of a given system with micro and
nanoscale spatial resolution.'” The precise determination of
the temperature at the nanoscale has attracted great interest,
especially in nanomedicine and diagnosis fields, as many
functions of the human body, including cell division, gene
expression or enzyme reactions, are temperature-dependent."®
Diseases such as the cellular pathogenesis of cancer lead to
heat generation.'® In addition, temperature changes can also
be induced intentionally to kill locally infected cells.*
Therefore, achieving precise temperature reading information
is crucial to heal infected cells and simultaneously avoid the
destruction of surrounding healthy tissues.

High-resolution temperature non-contact measurement
techniques operating in the micro/nanoscale are divided into
several types using distinct criteria based on their operating
principle. These methods provide different advantages and
drawbacks;*' hence a proper selection according to the
required spatial, temporal and temperature resolutions is
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essential. Non-contact techniques for the determination of the
temperature include infrared thermometry, thermoreflectance,
Raman scattering, interferometry, and non-optical and
luminescence nanothermometry."”

The principle of infrared thermometry is to determine the
temperature by the amount of the thermal radiation emitted
by the target which is being monitored."” Knowing the
amount of infrared energy emitted by the object and its emis-
sivity, the target temperature can be determined. This non-
contact method is a well-implemented commercial technique
and grants a temperature image profile of the surface of the
target, achieving spatial, temporal and temperature resolutions
of ~10 pm, ~10 ps and ~0.1 K,'” respectively. However, this
technique requires an additional knowledge of the spatial
resolution and the emissivity of the target at the micrometer
scale.” These are serious drawbacks for the application of this
technique at the nanoscale because, with the determination of
the temperature on the surface and not inside the target, the
precise discrimination of the temperature of a living cell, for
instance, strongly impacts on the analysis of its pathology and
physiology and, in turn, on the optimization of therapeutic
processes (e.g. in hyperthermal tumor treatments and photo-
dynamic therapy).>>**

Thermoreflectance thermometry extracts temperature read-
ings from the dependence of the refractive index of the
material on the temperature.®® This technique offers high
temperature (~0.01 K) and temporal resolution (~0.1 ps), and
the combination of qualitative and quantitative measure-
ments.” Despite this, it requires the calibration of the refractive
index of the material of analysis, and its spatial resolution is
restricted by the light diffraction limit.>®

Raman scattering thermometry is based on the dependence
of the position of the Raman modes of the material of interest
on temperature.’® Raman thermometry can be applied to
liquids and solids, including powders, achieving spatial, tem-
poral and temperature resolutions of ~1 pm, ~10° ps and
~0.1 K,” respectively. Regardless of these good parameters, it
is a time-consuming technique and the number of the
materials to which this technique can be applied is very small
because the materials need to have a large Raman efficiency if
applied as successful temperature probes.”

Optical interferometry provides dual information: local
temperature and local deformation due to the thermal expan-
sion of the material under analysis.>” Interferometers depict
the differences in optical paths between light beams that
bypass the test section and pass directly through it. Although
this technique can be integrated in remote detection systems
with spatial, temporal and temperature resolutions of ~1 pm,
~0.001 ps and ~107° K, respectively, drawbacks related to
cross talk with other stimuli, such as strain/stress and
bending, and low spatial resolution in the transverse direction,
limit their application.”

Non-optical thermometry methods include several tech-
niques developed for nanoscale thermometric applications
such as scanning thermal microscopy,”® deposition of metallic
temperature sensors by nanolithography,> carbon nanotube
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thermometry,’® and biomaterial thermometry.*’ Scanning
thermal microscopy uses a small thermocouple with a junction
diameter of the order of 20 to 100 nm, formed at the probe tip
of an atomic force microscope, which is scanned over the
surface of interest.** It can also consist of a combination of a
thermocouple and a resistance temperature,® providing sub-
micrometric spatial resolution.” This technique is limited to
solid samples and offers slow acquisition times, requiring at
the same time fundamental knowledge of the tip-sample heat
transfer mechanisms.”> Nanolithography can be applied to
deposit a platinum strip to form a thermal sensor on the
surface of the material of interest. However, ensuring the
robustness of the sensor and its chemical consistency is an
important challenge for this technique."” Carbon nanotubes
as thermal probes were originally proposed using gallium as
the thermometric liquid filling them, and with the support of
a scanning electron microscope to observe their meniscus.*®
These nanotubes have been used also to provide good thermal
contact between an electron microscope and the sample with
nanoscale resolution,® but they presents also some limit-
ations, such as the thermal contact resistance formed between
the tip and the surface, which can modify the probe response,
especially for high thermal conducting samples.*
Biomaterials, such as living cells, sense temperature by using
their components (proteins, nucleic acids and mRNAs).>! The
change of temperature in these components is manifested
either by modifying their conformational structure directly or
undergoing complex reactions that can be exploited to extract
the temperature at the nanoscale level.>>*” However, the mole-
cular complexity associated with this temperature sensing is
not yet fully understood, and the thermal response occurs
within the physiological range of temperatures. Furthermore,
this technique often induces conformational changes that are
subtle and reversible.’

Luminescence thermometry (also called thermographic
phosphor nanothermometry') refers to the relationship
between the temperature and the luminescence properties of
the light emitted by the luminophore to achieve temperature
sensing.'® The major boost for luminescence thermometry at
the nanoscale is attributed to the high temperature sensitivity
and the easy detection setups required for these signals. With
the change of temperature, different luminescence character-
istics such as the intensity of the emission, spectral position,
decay and rise time, and band positions and widths, may all
be modified, which gives rise to different luminescence ther-
mometry classes.'® Luminescence thermometry provides high
spatial resolution (<10 pm) in short acquisition times (<10 ps)
and high thermal resolution (0.1 K).> Additionally, lumines-
cent thermometers can operate even in harsh conditions such
as in biological fluids, strong electromagnetic fields, cryogenic
temperatures and fast-moving objects, without restricting their
resolutions.'*'%3%37

1.1. Luminescence nanothermometry

1.1.1. Fundamental principles of luminescence nanother-
mometry. Luminescence refers to the emission of light from
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an excited electronic state of a given substance.’® This sub-
stance (or phosphor) consists of a luminescence entity, mole-
cule or activator ion, embedded in a host (or matrix) material,
and sometimes accompanied by a second entity that favors the
absorption of light and transfers this energy to the activator,
called a sensitizer. Sometimes, this substance may consist of
only an activator embedded in a host, without the presence of
a sensitizer. The characteristic luminescence properties of a
given substance can be obtained by doping the host with rela-
tively small amounts of foreign ions (activator and sensitizer).
An activator incorporated into a host lattice gives rise to an
emitting center which can be excited to generate
luminescence.

A sensitizer incorporated into a host lattice is capable of
absorbing more efficiently the energy from the excitation
source and transferring it in a very efficient way to a neighbor
activator that at the end will generate luminescence.”’ When
exposed to a temperature, the characteristics of the lumine-
scence of the phosphor (intensity, spectral position, decay
and/or rise time, the band position and width), may change.
Exploring the way in which these characteristics change, with
the ultimate goal of determining the temperature of the phos-
phor, gives rise to luminescent thermometry. Fig. 1 depicts a
general schematic illustration of the basic mechanisms of
luminescence thermometry. For the sake of simplicity, a single
center emission phosphor is illustrated, displaying a change in
the intensity of the emissions as the temperature increases.
This figure illustrates the class of band-shape luminescence
thermometry, probably the widest explored class. In the figure
we show how the phosphor is excited with an energy source
(hv) from the ground state level (indicated as 0) to an excited
state level (indicated as 3), from where, according to the prin-
ciple of conservation of energy, it will decay back to an inter-
mediate or to the ground state with the emission of light or
through the release of energy via non-radiative processes.***'
The decay could occur directly from the excited state (3) back
to the ground state (0) via a radiative relaxation process, gener-
ating an emission line (labelled as “Emission 1” with intensity
1) or via a non-radiative relaxing process (shown with a golden
wavy arrow) through a lower intermediate excited level (either 2
or 1). From here, the second emission line (labelled as
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Fig. 1 Basic working principle of luminescence nanothermometry,
illustrated via the change of the intensity of the emissions with the
increase of temperature, as an example.
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“Emission 2” with intensity I,) can be generated when a
second radiative relaxation process occurs to another lower
level, or to the ground state.® Please note that from the 2 and
1 intermediate excited states, additional emission lines can be
generated, but for simplicity reasons, they are not illustrated in
Fig. 1.

In order to be used in a luminescent nanothermometer, the
generated emissions from the phosphor must fulfill several
requirements. These requirements are related to the quality of
the emission generated: they should exhibit high quantum
yield and should be temperature-dependent.'® The generated
emissions of a phosphor are related to, among other different
variables, the composition of the material, the purity level and
the local temperature of the system.' Thus, the principle of
luminescence nanothermometry is to exploit the relationship
between the properties of the luminescence emission process
and the temperature to achieve temperature sensing by tem-
poral or spectral analysis of the emission.'® For example, in
our simplified single center emission phosphor, upon increas-
ing the temperature from T, to T, (presented in Fig. 1 by the
red curved arrows labelled as “Heat”), this induces changes in
the intensity of the emissions. Investigating the variation of
the ratio of the intensities of the emissions (I; and L), the
temperature can be determined before calibration of the lumi-
nescent thermometer.'” When the temperature changes are
applied, the intensity of the emissions (and other lumine-
scence properties as well) can vary due to the processes of elec-
tronic population or depopulation of the energy levels."*’

1.1.2. Classes of luminescence nanothermometry.
Temperature can affect the characteristics of the luminescence
of the phosphor in different ways. Based on the particular
parameter of luminescence whose temperature-dependence is
analyzed, different classes of luminescence nanothermometry
are developed. Fig. 2 illustrates six parameters that define the
luminescence of a given phosphor: band-shape, intensity,
bandwidth, spectral shift, lifetime and polarization, and their
variation with an increase of temperature.'® Band-shape
nanothermometry refers to the relative intensity between the
different spectral lines of the luminescence spectrum
(Fig. 2(a))."® The changes induced by the temperature in the
luminescence intensity are related to the thermal activation of
processes of quenching and an increase in the probability of
non-radiative mechanisms. This class of luminescence
nanothermometry can be used in materials which possess
radiative states with an energy gap (hereafter AE) of the order
of 200 ecm ™" to 2000 cm™, i.e, the so-called “thermally coupled
levels” (hereafter TCLs), and the extraction of thermal knowl-
edge is achieved by the fluorescence intensity ratio (hereafter
FIR), based totally on a Boltzmann type-distribution.** The
main benefit of this class of luminescence nanothermometry
is its independency of signal losses and the possible fluctu-
ations in the excitation intensity.'® TCLs with too small a AE
(<200 cm™") will lead to a strong overlap of signals, while too
large AE values (>2000 cm™') will result in the weak or null
coupling of the electronic levels.*® Furthermore, the perform-
ance of nanothermometers operating by these principles is
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Fig. 2 Classes of luminescence nanothermometry: (a) band-shape, (b)
intensity, (c) bandwidth, (d) spectral shift, (e) lifetime and (f) polarization.

restricted by the value of AE.** In addition, this class of
luminescence nanothermometry includes single or dual emit-
ting centers with a change in the intensity of at least two
different emission bands in a material, even if they arise from
non TCLs, for which different models for FIR have to be pro-
posed,> as we will discuss in the following sections.

Intensity luminescence nanothermometry determines
temperature through the analysis of the intensity of the
luminescence generated by a single emission band
(Fig. 2(b)).'° With the change of temperature, as for the case of
the band-shape luminescence nanothermometry class, pro-
cesses like quenching and the increase in probability of non-
radiative mechanisms happening will display a decrease in
intensity of the luminescence that can be correlated with the
temperature.”® With the change of temperature, the intensity
of the emission spectrum becomes less (or more) intense due
to an overall change in the number of emitted photons.***®

Bandwidth luminescence nanothermometry extracts temp-
erature information from the effect that the change of temp-
erature has on the width of the emission lines of the lumine-
scence spectrum (Fig. 2(c)).'® Generally, with an increase of
the temperature, the emission lines become broader because
of the thermal vibration of the luminescent center and its
neighboring atoms/molecules.'® The degree of change of the
emission line broadening is usually small, and as a result it
can only be observed in systems showing inherent narrow
emission lines and strongly temperature-dependent transitions."

Spectral shift luminescence nanothermometry is based on
the analysis of the spectral positions of the emission lines,
which change due to their dependence on temperature. When
the temperature increases, the energy value of the emitting
level changes, manifested by a shift in the emission wave-
length (Fig. 2(d)).'° This AE depends on a large variety of
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temperature-dependent parameters of the emitting material,
including the refractive index and the inter-atomic distances,
among others."® The shift in the spectral position is usually
related to thermally induced strains in the environment of the
thermal probes, occurring as a result of electron-phonon
interaction.'®

Lifetime nanothermometry analyzes the temperature depen-
dence of the luminescence lifetime (Fig. 2(e)). Luminescence
lifetime studies the time interval in which the emitted intensity
decays down to 1/e of its maximum value after a pulsed exci-
tation.'® The experimental lifetime is related to the contribution
of the radiative, non-radiative or multiphonon and quenching
mechanisms.”” With the increase of temperature, the lifetime
generally shortens due to the increase of the probability of
quenching mechanisms happening. The lifetime is also related
to the dimension of the material. The lifetime of nanocrystals is
shorter when compared with that of macrometric particles. This
difference is related to lattice distortion, and a bigger number
of surface defects related to the higher surface-to-volume ratio
in nanomaterials, which overall leads to an increase of the
radiative rates and higher quenching rates."”

Polarization luminescence nanothermometry is based on
the influence of temperature in the polarization anisotropy
parameter, which is the ratio between the luminescence inten-
sities emitted at two orthogonal polarization states (Fig. 2(f))."

In the following sections, we will analyze how these
different luminescence nanothermometry classes have been
used to determine temperature using lanthanide-doped lumi-
nescent nanothermometers operating in the biological
windows, with special emphasis on the different strategies
developed to improve their performance. For a detailed com-
prehensive understanding of the six luminescence thermome-
try classes and the determination of their thermal sensing
capacity, the reader is requested to refer to the review of Jaque
et al.'® and Brites et al.*®

1.1.3. Materials used to develop luminescent nanotherm-
ometers. Different luminescent nanomaterials have been
tested for providing a contactless temperature reading through
luminescence nanothermometry (Fig. 3). In order to boost
their potential nanothermometric applications in different
fields, but specially in biomedicine, several factors, including
strong luminescence, good photostability, no photobleaching
effect, low or barely no toxicity, good dispersibility in biologi-
cal media and outstanding optical properties that allow for
deep tissue light penetration,*® should be taken into account.

Luminescent materials tested as potential nanotherm-
ometers include fluorescent proteins,”®>* nanogels,*>>" ™’
861 organic-inorganic  hybrids,*>****  nano-
diamonds, metal organic frameworks (MOFs),>*%%7!
organic dyes,””’® semiconductor quantum-dots (QDs),”” %'
and lanthanide (Ln*") doped nanomaterials.'®*"*%%% Fig. 3
highlights the pros and cons of these materials as potential
luminescent nanothermometers.

Fluorescent proteins, either in their simple form or geneti-
cally encoded, can be used to measure temperature at the
intracellular level.*** These nanothermometers can be

polymers,
65-67
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Fig. 3 Pros and cons of different types of material used to develop luminescent thermometers.

applied to obtain thermal images of heated single cells and to
study thermogenesis, a fundamental process in cell biology.
Regardless of the relatively high intracellular thermal sensi-
tivity achieved with these nanothermometers, drawbacks,
including time-consuming gene encoding, the need for
specialized microscopy equipment and advanced molecular
biology techniques for gene modification,**** have prevented
their future applications.

Nanogels portray nanoscale-sized three-dimensional hydro-
gel materials formed by crosslinked swellable polymer net-
works with a high capacity to hold water, without actually dis-
solving into the aqueous medium.®*> Below a particular temp-
erature, normally around 300 K, the structure of the nanogel
swells by absorbing water into its interior, which causes a
quenching of the fluorescence that is gradually recovered
when the temperature increases above this temperature since
the nanogel shrinks because of the release of water
molecules.’**™” As luminescent nanothermometers, nanogel
compounds present an important advantage: the most relevant
changes in their fluorescence intensity occur within the phys-
iological range of temperatures. A particular disadvantage is
that the emission intensity of the nanogels becomes highly
temperature sensitive only in a reduced temperature range
(298-338 K)."°

Polymers stands for large macromolecules composed of
repeated structural units, called monomers. The presence of
luminescent monomers within the polymers allows their use
as luminescent thermometers.>®* ®" The luminescence of these
compounds is usually found in the visible (VIS) range
(500-600 nm) after being excited with ultraviolet (UV)
light,*®*®" which can induce phototoxicity if applied to extract
thermal information from biological tissues.’® Despite the
good results demonstrated in thermal imaging, these thermo-
meters usually exhibit drawbacks related to their low quantum
yield,®” relatively large sizes, and the dependence of the

This journal is © The Royal Society of Chemistry 2021

luminescence not only on temperature, but also on the local
concentration of emitting centers."’

An organic-inorganic hybrid can be defined as a single par-
ticle that combines two different materials belonging to these
categories.®® In the field of luminescence nanothermometry,
these materials can be used by exploiting the complementary
functionalities of their constituent materials to develop multi-
functional platforms, such as temperature sensing and heat
generation, for further applications.®* **®® Regardless of their
good temperature-sensing properties, limitations are also
encountered. These limitations are related to nanotherm-
ometers being operative only in the VIS region, which rep-
resents a low penetration depth in biological tissues and a dis-
tortion of the spectra recorded due to the non-negligible
absorption of the different components encountered in
them.”°

The application
nanothermometers is attributed to the presence of particular
local point defects (nitrogen vacancy centers) in their struc-
ture.”’ These nanodiamonds are fluorescent and display a very
sensitive temperature transition between two ground quantum
spin states.®®” The advantages of these nanothermometers
rely on their high thermal sensitivity and on the fact that nitro-
gen vacancy centers are inner defects, hence, in theory, making
these thermometers environment-independent.”’ However,
when applied to biological tissues, the light generated from
these materials might be affected by the biological tissue com-
ponents. Furthermore, their emissions are often located in the
VIS, and the low fluorescence efficiency displayed is a limiting
factor especially when acquiring cellular thermal images.®”

Metal organic frameworks (MOFs) have emerged as an
important class of luminescent materials due to their multiple
luminescent centers and tunable optical properties.>”**””* The
tunability of the optical properties of MOFs is related to the
fact that the metal nodes, organic linkers, and guest molecules

of nanodiamonds as luminescent
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within porous MOFs all can potentially generate luminescence.
Furthermore, the inherent porosity and large surface areas of
MOFs offer great opportunities for intermolecular interactions
between the frameworks and guest molecules, influencing the
coordination environment and the energy transfer processes
that can occur among them, thus modulating their lumine-
scence properties.”’ However, it should be admitted that, to
use these luminescent thermometers in biological environ-
ments, besides high sensitivity and spatial resolution, non-tox-
icity and stability in the physiological environment are
required, which are often lacking in MOF-based
thermometers.”*

Organic dyes are organic compounds with strong lumine-
scence intensity, in general.'® Despite their high temperature-
sensing properties and the ability to be easily incorporated
into living cells, the spectral properties of the luminescence
band depend on many factors, including temperature, solvent
used, concentration, and pH, among others."”®> Being
specially dependent on the environment in which the organic
dye is embedded makes it necessary to recalibrate the thermo-
meters in each particular environment, and thus, the tempera-
ture-sensing ability will strongly depend on the medium where
the compound is embedded.’*

Quantum dots (QDs) are highly attractive nanomaterials for
application as luminescent nanothermometers, due to their
size-tunable spectroscopic properties,”” !
high photostability and high quantum yields. For years,
concerns regarding their phototoxicity and cytotoxicity towards
biological matter due to UV light excitation,**> and emission
wavelengths limited to the range shorter than 1000 nm, have
been resolved by the preparation of core@shell
structures.’***” Despite this, limitations still remain concern-
ing the variation of the luminescence parameters (intensity,
lifetime and spectral shift) with the environment, including
surfactants and ligands, which leads to a source of error in
thermal readings,’® and their genetically-induced changes.”>*”

Lanthanide (Ln*") doped nanomaterials, due to their
peculiar electronic configuration, exhibit stable and narrow
emissions covering a wide range of the electromagnetic spec-
trum, upon proper selection of the dopants and the transpar-
ency of the host, with high emission quantum yields (>50% in
the visible range).”'%> In addition, these barely non-toxic
materials'® can generate their emission lines upon excitation
via near infrared (NIR) light, which stands for a low-cost exci-
tation source with no photobleaching, no autofluorescence
and no phototoxicity upon biological matter.>"** Furthermore,
the generation of NIR light and its use instead of VIS or UV
light allows for deep-tissue penetration,®® specifically when the
wavelengths of the emissions fall within the so-called biologi-
cal windows'*"'%* (section 1.3). A drawback of these materials
relates to the low absorption cross section of the 4f-4f elec-
tronic transitions because of their forbidden nature.'*®
Different strategies have been implemented to increase the
absorption properties of Ln**-doped materials, including plas-
monic enhancement, organic-dye sensitization, and coupling
with semiconductors.'®”'°® Thus, inspired by these properties

narrow emissions,
93,94
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of Ln*-doped luminescent nanomaterials, the rest of this
review will be focused on the performance of these nano-
materials to extract information on the local temperature of a
given system when the generated emissions fall in the biological
window regions. Furthermore, the strategies explored to boost
their ability to achieve better thermal readings will be analyzed.

1.2. Performance of a lanthanide-doped luminescent
nanothermometer

Regardless of the luminescent nanothermometry class used to
extract temperature information, the performance of a lantha-
nide-doped nanothermometer, as well as that of other thermo-
meters based on other materials, can be evaluated and com-
pared with other nanothermometers, based on their thermal
sensitivity, temperature resolution, spatio-temporal resolution,
repeatability and reproducibility. Detailed information about
all these parameters is summarized elsewhere.>"*® Thus, here
we will emphasize, in general terms, how these parameters
can be calculated.

The thermal sensitivity expresses the degree of change of
the thermometric parameter (generally denoted by A) per
degree of temperature. The thermal sensitivity can be
expressed as the absolute thermal sensitivity and the relative
thermal sensitivity. The absolute thermal sensitivity (Saps) is
defined as the rate of change of the thermometric parameter
(4) with the temperature and is expressed as:"'*°

0A

Sabs = ——
abs oT

(1)

Saps is expressed in units of K™'. This parameter is strictly
related to the experimental setup used and the sample charac-
teristics; thus, its use is restricted to comparing only
nanothermometers of the same nature and tested under the
same conditions.

To compare the thermometric performance of different
nanothermometers, independently of their nature or material
employed, the relative thermal sensitivity (S,;) can be used. Sy
expresses the maximum change in the thermometric parameter
(4) for each temperature degree and it is defined as:***>'*°

X 100% (2)

1 |0A
Siel = — |—
el = 4 ‘BT

Srel 1s expressed in units of % change per degree of tempera-
ture change (% K ).

The temperature resolution (also defined as temperature
sensitivity), 67T, represents the smallest temperature change
that can be resolved in a given measurement.*®

Depending on the experimental detection setup used, the
acquisition conditions applied, and the signal-to-noise ratio in
the experiment, 67 might change.*® §T is measured in kelvin
(K) and it is expressed as:'"

1 6A
oT =

= 3
Stel A ( )

where §A is the uncertainty in the determination of A that
depends on the experimental detection setup used.
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Another way of determining 67 experimentally is by record-
ing several consecutive emission spectra at a fixed
temperature.*>''* By using the calibration curve of the
nanothermometer, the range of variability of the calculated
temperature is determined. Results display a gaussian distri-
bution with a mean value and a standard deviation value,
corresponding to the average temperature and uncertainty (67')
of the measurement.**'?

The spatial resolution represents the minimum distance
between points presenting a temperature difference higher
than 67, when the temperature is measured at different spatial
positions.?! The spatial resolution (6x) is expressed as:*'

T
V|

max

bx (4)
where |VT| . is the maximum temperature gradient in the
system.

The temporal resolution of the measurement (6¢) is defined
as the minimum time interval between measurements
presenting a temperature difference higher than 67 and is
expressed as:*®

6T
T ?
dt Imax
where |— is the maximum temperature change per unit of
time. max

The repeatability indicates the ability of a nanotherm-
ometer to provide the same temperature measurement under
the same identical conditions,'*® and is defined as:

~ max|A. — 4
Ac

R=1 (6)
where A. is the mean thermometric parameter and 4; is the
value of each measurement of the thermometric parameter.

Finally, the reproducibility refers to the variations of the
same measurement in different modified circumstances,
including different measurement methods, different equip-
ment in use, different observers, or measurements made over
a period of time within the true level of the already measured
data.'™

From these performance parameters, the most reported
ones are the thermal sensitivity and the temperature resolu-
tion, while the rest are scarcely used to determine the per-
formance of a luminescent thermometer, despite their
importance for the use of these thermometers in real
applications.

1.3. Biological windows

A good use of luminescent thermometers in biological tissues
requires knowledge about several parameters that influence
the excitation of the nanothermometers by optical means, and
also the detection of the emitted light by the materials. These
parameters, including the emission characteristics, the optical
path length through biological tissues and the volumetric
energy distribution, are linked to the absorption and scattering
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properties of the biological samples."*>''® The selection of
these parameters should meet the overall goal of achieving a
high penetration depth in real biological samples, allowing
deeper thermal readings, and favoring the development of an
efficient and reliable luminescent material for early detection
and diagnosis of diseases. Applying NIR light instead of UV or
VIS as the excitation source results in a more efficient and
deeper penetration in biological tissues due to the reduced
scattering and absorption of light with longer wavelengths.'®
Spectral regions where both tissue absorption and scattering
are minimized are known as biological windows (hereafter
BWs).'%> The main absorbers of light in biological tissues
include water, hemoglobin, melanin and lipids, and their size,
composition and morphology are responsible for the scatter-
ing of light.'"” Water absorbs in the NIR region at around
980 nm and it is nearly transparent in the visible region."*®
Hemoglobin (oxy-hemoglobin and deoxy-hemoglobin), from
its side, is the component responsible for the absorption of
visible light by blood. The highest absorbance of hemoglobin
is in the visible region and it decreases above 600 nm.""® The
absorbance of melanin is inversely proportional to the increase
of the wavelength from the visible to the NIR."*® Regarding the
absorbance of lipids in vivo, the data available in the literature
are quite scarce; however as reported by Smith et al, the
absorption contribution of fat components in biological
tissues is less important than that of water and blood.'*®
Scatterers of light in biological tissues include cell nuclei,
mitochondria, cell membranes and whole cells.*' Light scat-
tering decreases exponentially as the wavelength increases
from the visible to the NIR."*?

Within these BWs, four distinctive wavelength regions have
been established (Fig. 4(a)):

« First biological window (I-BW) (650-950 nm)

+ Second biological window (II-BW) (1000-1350 nm)

« Third biological window (III-BW) or short-wavelength
infrared (SWIR) window (1400-2000 nm)

« Fourth biological window (IV-BW) (centered at 2200 nm)

The I-BW is limited at short wavelengths by the absorption
of light by oxygenated blood and at long wavelengths by the
absorption of water due to the second overtone of its stretch-
ing band, a combination of symmetric and antisymmetric
stretching modes."** This biological window encounters limit-
ations attributed to signal interference by biological tissue
autofluorescence, which produces background noise, thus lim-
iting the maximum tissue penetration to 1-2 cm."?® This bio-
logical window is also known as the therapeutic window.">*

The II-BW provides an improved signal-to-noise ratio by a
factor over 100-fold by effectively filtering out autoflorescence
from biological tissues."'® The limits of the II-BW lie in the
short wavelength by the second overtone of the stretching
band of water and at longer wavelengths by the combination
of the bending and stretching (symmetric and antisymmetric)
modes of water also.'??

The III-BW or SWIR, despite the limitation from the absorp-
tion bands of water (stretching and bending modes),"** offers
improved image contrast and higher penetration depths

Nanoscale, 2021,13, 7913-7987 | 7919
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Fig. 4 (a) Transmittance of brain tissue in biological tissues. Adapted
with permission from ref. 124, Copyright 2016, Wiley-VCH Verlag GmbH
& Co. KGaA. (b) Number of publications of luminescence thermometry
in every biological window, including also the thermometers whose
performance is evaluated by emissions lying in two different BWs
simultaneously.

compared with the other BWs due to the reduction of light
scattering.

The IV-BW, centered at 2200 nm, is the least explored one
due to the lack of sensitive detectors operating at these wave-
lengths."* The advent of new photodetectors (InSb in single
or array photodiodes) and excitation laser sources (superconti-
nuum lasers operating in the range from 400 nm to 2500 nm)
now makes the IV-BW a viable spectral domain.'*® The IV-BW
shows similar values of light attenuation for skin and other
soft tissues comparable with that of the II-BW, lower than the
III-BW but better than the I-BW.'*

Fig. 4(a) shows the variation of transmittance of rat brain
tissue as a function of the thickness of the biological sample,
covering all four BWs.'** The maximum transmittance is
located in the III-BW, regardless of the thickness. The trans-
mittances in the II-BW and the IV-BW are close to each other
and are much higher than the transmittance in the I-BW, indi-
cating a better potential application for deep imaging.'**
Fig. 4(b) presents the number of publications implementing
lanthanide-doped materials as luminescent thermometers
operating in the different biological window regions. Apart
from the main four BWs, the regions in which the luminescent
nanothermometer performance has been evaluated with emis-
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sions lying partly in the I- and II-BWs (named as I-II-BW) and
II- and II-BWs (named as II-III-BW) are also presented. The
biological window with the highest number of publications is
the I-BW, whereas the IV-BW represents, up to now, an unex-
plored region for luminescence thermometry. Recently,
however, an increase has been observed in the number of pub-
lications regarding the II-BW and III-BW, mainly due to the
benefits of better image contrast and higher penetration
depths. The following sections have been structured according
to the emission lines used for luminescent thermometry lying
within any of these BWs, despite the fact that their excitation
is provided in a spectral range lying in a different biological
window.

Several reviews have been published about luminescence
thermometry, and more specifically about the use of Ln*"-
doped materials devoted to this practice. Precisely, Brites
et al.*® published in 2019 a review on these materials, focused
on strategies to enhance the thermometric performance and
on cutting-edge applications of Ln**-doped materials mainly
operating in the visible region. The present review unveils key
guidelines to promote the application of Ln**-doped materials
only within the BW spectral regions. We stress the mecha-
nisms behind the generation of the emission lines within the
BWs, something not analyzed in detail in the review men-
tioned above, and emphasize the role of the different exci-
tation sources. We point out the different fitting models
applied to evaluate the thermometric performance of Ln®'-
doped luminescent thermometers. We highlight strategies
towards the development of highly sensitive nanotherm-
ometers by stating the important role of the morphology of the
host in which these Ln*" ions are embedded, such as the
shape of core@shell or multishell structures. We define the
differences between the thermometric performances based on
the combination of emissions arising from the same Ln®" ion,
different Ln*" ions or Ln*" ions combined with transition
metal ions or quantum dots. Potential applications of these
nanothermometers in the biological/biomedical field and
possible applications outside of these fields are presented.
Finally, we share our opinions on future challenges for lumine-
scence nanothermometry in the BW spectral regions, and
possible routes to overcome these.

2. Lanthanide-doped luminescent
nanothermometers operating in the
[-BW

The I-BW is the most explored biological window in relation to
the performance of lanthanide-doped luminescent thermo-
meters up to now. The most encountered lanthanide active
ions are Tm*" and Nd**, mainly due to their emission bands
in the 700-800 nm and 800-950 nm regions, respectively
(Table 1). This section and the later ones will be arranged as
follows: the lanthanide ion with the best thermometric per-
formance (only the maximum value of S, and the associated

This journal is © The Royal Society of Chemistry 2021
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minimum value of 5T will be given) will appear first. After this,
single- or dual-doped materials and the excitation wavelengths
associated with the luminescent thermometers will be pre-
sented, providing an overview of how these parameters influ-
ence the performance of that specific lanthanide active ion, in
order to underline strategies for boosting thermometric
performance.

2.1. Thulium-doped luminescent thermometers operating in
the I BW

Thulium (Tm®") ion exhibits an electronic configuration 1s>
25> 2p°® 3s® 3p°® 3d"° 4s® 4p°® 4d"° 55> 5p° 4f'%, and up to now,
represents one of the most investigated active ions for lumi-
nescent nanothermometry in the I-BW due to, among others
aspects, its NIR-to-NIR upconversion optical properties.
Different Tm’"-doped luminescent nanothermometers have
been developed including single Tm>*-doped materials, those
using Tm** as an activator and Yb®" as a sensitizer, and those
that use Tm>" together with another Ln** ion as activators in
the presence or absence of Yb*" as a sensitizer.

2.1.1. Single Tm**-doped luminescent thermometers oper-
ating in the I-BW. Single Tm**-doped luminescent nanotherm-
ometers operating in the I-BW without the presence of Yb** as
a sensitizer are scarce. In fact, only two examples can be found
in the literature, with orthorhombic yttrium orthoaluminate
perovskite (YAlO;, known as YAP)"”” and sodium niobate
(NaNbO3)"*® as hosts.

Tm>*":YAP nanothermometers (with a grain size of 35 nm)
have been developed based on the temperature dependence of
the emission lines located at 705 nm and 800 nm, arising
from the °F,; and *H, TCLs decaying to the *Hg ground state,
after excitation at 1210 nm."*” These upconversion emissions
can be generated either by sequential absorption of two exci-
tation photons by a single Tm®" ion through excited state
absorption (ESA) or by the simultaneous absorption of two
photons by two nearby Tm** ions via energy transfer upconver-
sion (ETU) processes.'”””'*? The process of upconversion refers
to a nonlinear optical phenomenon known as anti-Stokes
emission in which the sequential absorption of two or more
low-energy photons leads to a high-energy luminescence emis-
sion."*® From these two processes, the °F, ; excited state is
populated. From this state, a radiative decay to the ground
state will generate the emission line at 705 nm. A non-radiative
relaxation from the °F, 5 level to the *H, level, followed by a
radiative decay to the ground state, generates the second emis-
sion line at 800 nm (Fig. 5(a))."*""*°

For the evaluation of the thermometric performance of the
Tm’":YAP nanothermometers, the FIR between the emission
lines at 705 nm and 800 nm was used in the temperature
range from 324 K-424 K. The FIR is defined using the emis-
sion intensities of the of |2> — |0> (I,=L) and [1> — |0>
(Ip;=I,) transitions, where |0>, |1>, |2> denote the ground
state and TCLs 1 and 2,*>"'°° respectively, as:

_b_ Agzhvgy N,
I Aphvg Ny

7)
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Fig. 5 Mechanisms of generation of the emission lines for single active
Tm3*-doped luminescent thermometers: (a) YAP after excitation at
1210 nm and (b) NaNbO5 after excitation at 1319 nm. Please note that
despite the fact that other emission lines can be produced, for sake of
simplicity, only the emission lines involved in the luminescence thermo-
meter development are considered.

where N, and N, are the populations of the |2> and |1> levels,
vy and vy, are the frequencies of the [2> — |0> and |[1> — |0>
transitions, and Ay, and A4,; are the total spontaneous emis-
sion rates from levels |2> and |1> to level |0>. Since the energy
levels 1 and 2 are in thermal equilibrium, the electronic popu-
lations can be correlated by the following equation:

AE

_& _AE
N, 7g Ny exp( kBT) (8)

where g, and g; are the degeneracies of the two levels, and AE
is the energy gap between the barycenters of the |2> — |0> and
|1> — |0> emission bands.*"**"%°

Thus, the expression for FIR can be rewritten as:

12 ngothJ()z ( AE ) ( AE )
FIR=—="""——exp|—+— | =Bexp|——— 9
11 g1A01hl/01 p kBT p kBT ( )

LAnhvo,
Z1Ao1hvoy
(2) and (3), the corresponding expressions for S, and 67 can
be obtained as follows:*"***%°

where B = . By applying the expression for FIR to eqn

AE
Srel = |——| x 100% (10)

]CB T2
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" AE FIR

(11)

Thus, considering the |2> — |0> as the electronic transition
generating the emission line at 705 nm and the |1> — |0> as
the electronic transition generating the emission line at
800 nm, the maximum S, of the Tm>":YAP nanothermometer
is 2.64% K™ at 324 K, whereas the 8T was not reported by the
authors.'”” However, knowing the reported value of AE =
1926 cm™','”” and applying an experimental setup error,
which is the most commonly used in the literature,>* 6T can
be calculated according to eqn (11), with a minimum value of
0.20 K at 324 K that increases to 0.32 K at 424 K.

Tm?*":NaNbO; luminescent thermometer, from its side, was
based on the change of the FIR of the emission peaks arising
from different Stark sub-levels of the *H, — °H, transition
with a broad emission band located at ~800 nm, using in par-
ticular the emission lines located at 797 nm and 807 nm, after
excitation at 1319 nm, in the temperature range 303-453 K."*®
The generation of the 800 nm emission line is assigned to a
multiphonon-assisted excitation from the ground state *Hg to
the *H; excited level, a rapid relaxation to the °F, level, fol-
lowed by an excited-state absorption to the *H, level (Fig. 5(b)).

Instead of using the expression indicated above for FIR, to
calculate the thermometric parameter in this case the authors
propose to use the following equation:'*®

R=A+BXT (12)

where R is the thermometric parameter used in this case (I;o;/
Ig7), and A and B are parameters determined by the fitting of
the experimental data. The authors preferred to use a linear
function for this parameter, according to the trend followed by
the experimental points obtained in the calibration of the
thermometer, without taking into account that the different
Stark sub-levels of a particular transition are, of course, under
thermal equilibrium, and that the Boltzmann distribution pro-
posed by the FIR model would be more convenient in this case.
As a consequence, Sy, with a maximum value of 0.80% K'at
303 K, had to be calculated using again a different equation:'*®

Srel = X 100% (13)

B
A+BXxT

This value is higher than the one that should be obtained
when applying strictly the FIR model according to eqn (9)
(0.25% K™ '), and according to that, the 6T calculated according
to eqn (11) (0.62 K if the thermal sensitivity given by the
authors is used, and 2 K if the thermal sensitivity according to
the FIR model is used) is clearly overestimated.

Curiously, the two examples included here are based on
upconversion mechanisms with excitation in the II-BW,
despite the fact that the exploited emissions are in the I-BW,
ensuring that both excitation and emission have a good pene-
tration in the biological tissues. Upconversion nanomaterials
offer the possibility of a relatively high thermal sensing in
combination with high penetration depths and optical
tunability.'*°

This journal is © The Royal Society of Chemistry 2021
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In fact, Pereira et al.'®® could demonstrate that the pene-
tration of light by exciting at 1319 nm was twice the one that
could be obtained when exciting at 800 nm. Nevertheless, the
excitation wavelength they used (1319 nm) induced a local
heating in the environment where the Tm?":NaNbO; nano-
particles were used, of up to 8 K for a pump power of 350 mW,
due to the fact that this wavelength is not resonant with any of
the electronic levels of Tm>*. So part of the energy of the exci-
tation source was lost in the form of heat, which the nano-
particles dispersed in the surrounding medium."®

The only conclusion that can be extracted from these two
examples is that to maximize S, and consequently minimize
the thermal resolution, the best strategy would be to maximize
the separation between the emission lines used in the thermo-
meter, but maintaining it below to 2000 cm™" to maintain
them inside the defined range of TCLs.*?

2.1.2. Tm* ,Yb*'-codoped luminescent thermometers oper-
ating in the I-BW. Lanthanide nanothermometers codoped with
Tm®" acting as an activator and Yb*" acting as a sensitizer is, by
far, the most explored model for luminescent thermometers
operating in the I-BW. Probably this great interest is due to their
NIR-to-NIR upconversion, more efficient than that obtained in
single Tm*"-doped thermometers.'*® This is a consequence of
the bigger absorption cross-section of Yb*" at the pumping wave-
length of 980 nm,"*® the lower costs of NIR excitation sources
emitting this wavelength,'”” and the generation of emission
lines lying in the I-BW. However, it has to be mentioned here the
strong heating effect that this pumping wavelength has in bio-
logical tissues, due to the efficient absorption of this wavelength
by water."** This is why several authors considered that this
approach should be avoided when performing luminescence
thermometry for biomedical applications due to its non-discri-
minating effect with respect to the heating of biological tissues.

Another characteristic of the Tm**,Yb*"-codoped lumines-
cent thermometers operating in the I-BW is that most of them
use the same emission lines to build the luminescent thermo-
meter: the emission at around 700 nm, arising from the
3F2,3 — 3Hj transition, and the emission produced at around
800 nm, arising from the *H, — *Hg transition, in both cases
of Tm**, as was shown in the first example of the previous sub-
section. Howevetr, in this case, due to the presence of Yb*", the
excitation and emission mechanism is different. Fig. 6(a)
shows the excitation mechanism used to generate these emis-
sion lines after excitation at 980 nm. The 980 nm radiation is
absorbed by Yb*', promoting its electrons from the 2F,,
ground state to the ’F,, excited state. From this excited state
of Yb**, via energy transfer (hereafter ET) processes, the
excited states of Tm®" are populated. Hence, three ET pro-
cesses populate the 'Gy, *F, ; and *Hj; levels of Tm®". From the
G, level, electrons relax non-radiatively to the 3'FZ,3 level, from
which they fall back to the *Hg ground state level, generating
the 700 nm emission. From the 3F2,3 level, a non-radiative
relaxation process to the *H, level, followed by a radiative
decay to the ground state, gives rise to the 800 nm emission.**
It should be emphasized here that other mechanisms and
emission lines might be involved in this process, but we are

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Mechanisms of generation of the emission lines for: (a) Tm**,
Yb3+:GdVO4@Si02 core@shell nanoparticles (as an illustrative example)
after excitation at 980 nm, and (b) Tm®*,Yb®*-doped phosphate glass
material after excitation at 980 nm.

presenting only the emission lines used to determine the ther-
mometric performance.

In all these cases, since the 3F2y3 and *H, energy levels can be
considered to be thermally coupled, the FIR model was used as
the thermometric parameter. However, despite the big majority
of the papers analyzed defining this FIR as the ratio between
the intensity of the emission at 800 nm divided by the intensity
of the emission at 700 nm, following the recommendation of
Wade et al. in their seminal publication,*” we encountered two
recent publications (ref. 136 and 137) in which they defined it in
the inverse way. Nevertheless, since eqn (10) does not take into
account the way in which FIR has been defined, they could be
compared with the rest of the luminescent thermometers ana-
lyzed in this section. If we analyze the maximum S,. obtained
for these kinds of luminescent thermometer, it is encountered
in the range between 2-3% K, as a result of having a AE
between the Tm** °F,; and the *H, energy levels of around
1785 cm ™. This energy difference can change slightly from host
to host, due to their different crystal fields, and this would be
reflected in the different S, values reported by the authors and
that are listed in Table 1. This would provide a 6T of ~0.2 K,
approaching the desired limit of 0.1 K for biomedical pur-
poses.”? The temperatures at which these values are obtained
are in all cases around room temperature, and all of them
became worse as the temperature increased (Fig. 7).

In some cases the FIR model was modified, compared with
the equation proposed by Wade et al.,"* to account for the sig-
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nificant overlapping between the two emission bands
used in the luminescent thermometer, adding an additional
summand to the equation as:

FIR = B exp(— A—E> +D (14)
kT

where D is a fitting parameter. Then if S, is calculated accord-

ing to eqn (10), the value is not correct. In fact, it is underesti-

mated, since according to eqn (2), the right way to determine

Se1 should be:

FIR — D
FIR

AE

m X 100% (15)
B

rel —

It is important also to note here the large variety of
materials used to host Tm** and Yb®" for this kind of thermo-
meter, including vanadates,"®" phosphates,’*>***'* nio-
bates,'*® tungstates,"** fluorides,'3>'>143116:148 oyuflyiorides, ' **1*°
titanates, *®'*” silicates,"*”"**%**! and aluminates.™*’

It is worth mentioning here that in some cases the inner
active cores have been coated with an inactive shell. This strat-
egy has been used in the case of GAVO,@Si0,,""
NaYF,@NaYF,@Si0,,"* Bi,SiOs@Si0,,"*! and NaYF,@CaF,
nanoparticles,'*® using an inert layer constituted by amor-
phous silica (SiO,), or cubic CaF,. The aim of coating the
active core with this inert layer was to prevent the thermal
degradation of the active core from potential oxidation, and at
the same time prevent non-radiative relaxation processes of
the active ions encountered on the surface of the nanoparticles

7926 | Nanoscale, 2021,13, 7913-7987

by their interactions with the surface-bound ligands in the
case of colloidal dispersions."”®> Also, in the case of
NaYF,@NaYF,@SiO,, an inert NaYF, interlayer was used for
further protection of the radiative properties of the active
ions."*> Thus, despite the fact that it seems evident that these
core@shell structures help to increase the quantum yield of
the luminescent nanoparticles, no conclusion can be extracted
about their thermometric performance, since none of the
papers published up to now for Tm>",Yb*'-codoped systems
operating in the I-BW reported a comparison between the
same material coated and not coated with the inert layer. Also,
by analyzing the data provided in Table 1 for the phosphates,
it seems that when the phosphate material is based on a metal
of the lanthanide series (Y or La), the S, achieved is higher
than that obtained for a material based on a post-transition
metal. In fact, S, values obtained for Tm**,Yb*":LaPO, (Spe; =
3% K') and in Tm*Yb*":YPO, (S;e = 2.33% K') nano-
particles®® are slightly higher than the ones obtained for
Tm**,Yb*":BiPOy (Spe; = 2.14% K ')."*° However, other factors,
such as the structure, can also affect the thermometric per-
formance of these luminescent thermometers, since LaPO,
crystallizes in the monoclinic system, YPO, does so in the
tetragonal system, and BiPO, is a hexagonal compound.

From another side, Xing et al."*? studied the effect of using
a single crystal or a polycrystal on the temperature-sensing per-
formance of Tm*',Yb’":LiNbO; (labelled as S-LiNbO; and
P-LiNDbOs;, respectively, in Table 1). A higher S, was obtained
for the single crystal (~3% K" vs. ~2% K" in the polycrystal).
The authors assigned these differences in S, to the effect of

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 Emission spectra of Tm**/Yb®**-codoped LiNbO3 polycrystal and
single crystal at different temperatures under 980 nm excitation (1/10
and 1/50 represent the factor of division applied above the marked
wavelength to visualize clear the different emission bands). Reprinted
with permission from ref. 133. Copyright 2015, Elsevier.

the crystallinity of the material based on the degree of splitting
of the upconversion emission spectra. In fact, in Fig. 8 it can
be seen that the spectrum recorded for the single crystal is nar-
rower than the spectrum recorded for the polycrystalline
material, and that the spectrum of the polycrystalline material
has a richer peak structure. However, the intensity of the spec-
trum for the single crystal is much higher than that of the
polycrystalline material (Fig. 8), which could generate also a
saturation in the intensity of the spectrum that might affect
also the thermometric performance of the luminescent
thermometer. In fact, 67 and, as a consequence, S are greatly

. . dI . -
affected by the signal-to-noise (7) ratio of the emission

spectra from which temperature is estimated.*"*° At lower
intensity signals, the probability of having a high signal-to-
noise ratio increases, hampering obtaining a good thermo-
metric performance of the material.

A small number of examples applied the FIR method to the
thermal evolution of the intensities of different emission lines
arising from Stark sublevels of the *H, — *H, transition of
Tm®*, lying at around 800 nm, to develop thermometers based
on Tm*" and Yb*"-codoped materials."*”**® Since the *H, —
*He transition generates the emission band with the
maximum intensity in this region with Tm®", it is logical to
use it to develop luminescent thermometers since the optical
sensitivity of the detection system is less strict, allowing the
use of cheaper, and even portable detectors. However, as men-
tioned in the previous section, the fact that AE in this cases is
small (>300 cm™") makes the S, values obtained smaller (in
the range 0.20-0.40% K~') than those obtained using other
strategies, which gives 6T values ~1 K. Hence, these lumines-

This journal is © The Royal Society of Chemistry 2021
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cent thermometers are not competitive enough in front of the
other strategies proposed.

A different example, based on the analysis of the intensity
of two different emission lines, is that provided by an amor-
phous Yb** and Tm’"-codoped phosphate glass,"** and by
Tm?*",Yb>":Sr,GdF, glass ceramics.'*” In both cases, the lumi-
nescent thermometer developed was based on the intensity
ratio between two emissions arising from two different energy
levels of Tm*" ("G, and °F,3) that are not thermally coupled,
although the population of the °F, ; level is potentiated as the
temperature increases by the non-radiative relaxations gener-
ated from the upper excited levels, including the 'G, level
(Fig. 6(b)). In these cases, the authors used two emission
bands located at ~700 nm (generated by the 'G, — *H; tran-
sition) and ~650 nm (generated by the °F, ; — *Hj transition)
after excitation at 980 nm, although these two lines exhibited a
very low intensity when compared with the 800 nm emission
line used in the previous examples. The mechanism of gene-
ration of these emission lines is presented in Fig. 6(b). Under
980 nm excitation, Yb®" is excited from the °F, ground state
to the *Fs,, excited state. The energy of this transition can be
transferred to Tm>", which excites its electron from the *Hg
ground state to the *Hj excited state, which then relaxes
rapidly and non-radiatively to the *F, level. When the energy of
a second photon of 980 nm is transferred from Yb** to the
electrons that are in this excited state, they can promote to the
%F, 5 level. From here, the radiative *F, ; — *Hj transition can
take place, generating the emission at 650 nm. The second
emission is generated when part of the energy of the electrons
lying in the °F,; is dissipated non-radiatively, populating the
lower *H, energy level. From here, the transfer of the energy of
a third photon of 980 nm from Yb*" boosts these electrons to
the 'D, level that can relax radiatively to the *F, level, generat-
ing the emission at 700 nm. Despite the fact that the two elec-
tronic levels from which these emissions arise are not ther-
mally coupled, the authors fitted their intensity ratio to the
FIR model, and from it they extracted a AE value (2493 cm ™"
and 2207 cm™' for the phosphate’® and ceramic glass'*?
respectively) that allowed the calculation of S, according to
eqn (13). Since the energy separation between the electronic
levels involved in these emissions is of the order of 6000 cm™",
higher than the upper limit defined for TCLs, the Boltzmann
model cannot be used, and instead a phenomenological
model fitting the experimental data to a conventional exponen-
tial curve should be taken into account. One might think that,
according to that, the S, values they provided (3.94% K ' and
1.97% K ' at 303 K,"**'** respectively) should not be con-
sidered, since they are based on a wrong model. But, surpris-
ingly, by taking the FIR equation they provided as a phenom-
enological equation, of the form:

A :?:Cexp(—?) (16)

1

where C and D are fitting parameters, and calculating S
using eqn (2), the result is exactly the same, constituting the
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strategy that provides the highest S, among the other ones
proposed for the Tm®*,Yb**-codoped systems. However, the
low intensity of the emissions used in these luminescent
thermometers will hamper their practical use in real bio-
medical applications.

To end up this subsection, it is worth mentioning a totally
different example, based on bandwidth thermometry instead
of band-shape thermometry, as are all the luminescent
thermometers reported up to now. Lu et al. synthesized rhom-
bohedral Tm**,Yb*":YOF irregular nanoparticles and analyzed
their temperature-sensing performance applying the band-
width luminescence nanothermometry model to the 800 nm
emission band of Tm®*, that as we said before is by far the
band with the highest emission generated by Tm>®" in this
region, after exciting the material at 980 nm in the temperature
range from 12 to 300 K."** The temperature variation of the
full width at half maximum (FWHMs) of the emission band
was fitted to a simplified exponential equation:**°

Av = Ayg + AeFeT (17)

where Av, represents the initial FWHM, and A and R, are
empirical constants to be determined from the fitting model.
The corresponding S, was deduced from the following
equation:

1 |0Av

= — X 100% 18
rel YPRE: o ( )

The maximum S, obtained was 0.84% K™ at the highest
temperature analyzed.'** Despite the fact that this example,
strictly speaking, could not be used for biomedical appli-
cations since the temperature range analyzed was located at
lower temperatures than those used in biological media, the
fact that the maximum S, value was obtained at 300 K
might suggest that it would be also useful in this tempera-
ture range. This is why we decided to include this example
here.

Thus, the conclusion that can be extracted from the
examples included in this subsection is that the most effective
strategy to get a high S is using the emissions arising from
two non-thermally coupled electronic levels that are apart by a
distance higher than the upper limit defining the thermally
coupled range of energies (2000 cm™"). Other strategies are not
as effective as this one to increase S,.. However, the quantum
yield of the materials and that of the emissions used has not
been taken into account in any of the luminescent thermo-
meters operating in the I-BW reported as lying in the category
described here. In fact, the low intensity of the emissions con-
sidered at ~650 nm and ~700 nm, or the big difference of
intensity existing between the two emissions located at
~700 nm and at ~800 nm, would imply using highly sensitive
(and thus bulky and costly) detectors, or that recording one of
the signals in the optimum conditions would affect the collec-
tion of the other one in terms of signal-to-noise ratio or satur-
ation of the detector. Thus, other strategies that, a priori, have
a lower S,, like those involving different Stark sublevels of the
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*H, — ’H, transition of Tm?", lying at around 800 nm, might
be more effective, due to the high intensity of this emission,
which is the consequence of the *H, level of Tm>" being elec-
tronically fed by different radiative and non-radiative mecha-
nisms. Nevertheless, this would lead to 6T of around 1 K, one
order of magnitude higher than that desired for biomedical
applications.

2.1.3. Other Tm*'Ln**-codoped luminescent thermo-
meters operating in the I-BW. Dual emission center lumines-
cent nanothermometers, i.e. those luminescent thermometers
in which there are two activators emitting at different wave-
lengths,*' operating in the I-BW, have been based on the emis-
sions arising from Tm*" and another Ln** ion acting as activa-
tors, with or without Yb** acting as a sensitizer. Two groups of
luminescent thermometers could be identified in this cat-
egory: (i) those using Tm*" and Ho®* as activators, with the
presence or absence of Yb®" as a sensitizer;'**™"*" and (ii)
those using Tm®* and Er** as activators, using always Yb*" as a
sensitizer."*> >

In the case of Ho®", an important temperature-dependence
of the emissions arising from the electronically linked energy
levels of Ho®* and Tm®" has been reported, from which ET and
back ET (hereafter BET) processes are possible. Despite the
fact that the electronic levels of these different ions are not
thermally coupled, a relationship between their intensities as
the temperature changes can be established. Two different
strategies have been proposed in this case. Savchuk et al
doped monoclinic potassium lutetium double tungstate KLu
(WO,), nanoparticles with Ho>* and Tm®* and investigated
their thermal performance in the physiological range of temp-
eratures (303 K-333 K), after exciting the material at
808 nm."° In this case, Tm®" acted both as a sensitizer, by
absorbing the energy of the 808 nm laser source and transfer-
ring part of the energy to Ho®", and as an activator, generating
different emission lines, among which one located at ~700 nm
attributed to the *F,; — *H, transition. The laser radiation at
808 nm excites the Tm*" electrons to the *H, level, from where
they non-radiatively relax to the °F, level. The absorption of a
second photon at 808 nm promotes the electrons from the °F,
level to the 'G, level, from which a non-radiative decay can
take place to the 3FZ,3 level, from which a radiative transition
to the ground state can occur, generating the emission at
696 nm. The energy levels of Ho>* can be populated through
two different ET mechanisms: one from the Tm>" *H, level to
the Ho®" °I5 level, and a second one from the °F, level of Tm?*"
to the °I, level of Ho**, from which also a BET process to Tm>"
can take place. Besides the direct ET from Tm?*", the °I, level of
Ho®" can also be populated by the non-radiative relaxation
from its °I; energy level. The ET of another photon of 808 nm
from Tm®* promotes the electrons lying in the I, level of Ho**
to the higher energy levels *Kg and °F;. From these levels, non-
radiative decay processes populate the °S, and °F, levels of
Ho®' from which a radiative transition towards the °I, level can
take place, generating an emission at 755 nm. A non-radiative
relaxation from the °S, and °F, levels to the °F; level, followed
by a radiative transition to the °Ig ground state, generated an
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Fig. 9 Mechanisms of generation of the emission lines for: (a) Tm3*,
Ho®**-doped KLu(WO,), nanocrystals after excitation at 808 nm, (b)
Tm** Ho®*,Yb*"-doped YPO, or Gd,(WO,)s nanoparticles after exci-
tation at 980 nm, and (c) Tm**,Er®*,Yb®*:YF5 nanoparticles embedded in
a glass ceramic after excitation at 980 nm.

emission at 655 nm."”® The detailed mechanism for this
complex system is depicted in Fig. 9(a).

The temperature-sensing capacity was estimated by the
integrated intensity ratio of the *F, 5 — *Hy and the °S,,’F,
— I, transitions of Tm®" and Ho®*, respectively, corres-
ponding to the emission bands located at 696 nm and
755 nm, arising from non-thermally coupled electronic levels
(NTCLs)."*® Hence, the thermometric parameter (4) in this
case was fitted to an empirical exponential growing equation
of the type:'*°

A=Ay + Bexp(aT) (19)

where A, and B are constants to be determined from the fitting
of the experimental data.
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Thus, the corresponding S, was calculated by:

Baexp(aT)

Sl = L
T A+ B exp(aT)

x 100 (20)

The maximum S, = 2.84% K ' was achieved at 303 K.
Savchuk et al., also estimated the 6T of this luminescent

thermometer using the equation:"°
oA
T=— " (21)
B exp(aT)

determining a value of 0.2 K at 303 K.

The second strategy developed in Tm?",Ho*"-codoped
systems in the presence of Yb®" as a sensitizer is that demon-
strated in Tm*",Ho>",Yb*":YPO, microplates,"*® and in Tm?",
Ho*",Yb*":Gd,(WO,); nanocrystals.’>! In these two cases, Yb**
acted as a sensitizer to absorb the energy of the 980 nm exci-
tation source and transferred it to Tm®" and Ho®", to generate
an emission line at ~650-660 nm, corresponding to the Ho>"
°F; — °Ig transition, and another one at ~700 nm, corres-
ponding to the Tm®*" °F, ; — *Hg transition. Yb*" absorbs the
980 nm excitation, exciting its electrons from the *F,,, ground
state to the >F5), excited state (Fig. 9(b)). Subsequently, the
energy of this sensitizer is transferred to the adjacent activa-
tors Ho>" and Tm®*, and the sensitizer is relaxed back to the
ground state. Ho>* and Tm®" activators promote their electrons
to their excited states (Tm** to *Hs, *F, 3 and "G, levels, and
Ho®" to °Is, °Fs and °S,, °F, levels). In addition, the excited
states involved in the generation of the red emissions (°F, ; of
Tm®" and °F5 of Ho>*) can be populated by non-radiative pro-
cesses from the higher energy excited states of the corres-
ponding ions (‘G4 of Tm®" and °S,, °F, of Ho**)."*>"! From
these states, decaying back radiatively to the corresponding
ground states (*F, ; — *Hg of Tm®" and °F5 — °I; of Ho®") gen-
erated the emissions used for temperature sensing.

Again, these emission bands do not arise from TCLs; hence
the thermometric parameter could be deduced from the inten-
sity ratio between these bands by fitting the experimental data
to a linear equation,"*® or to a polynomial function:'>!

A=X—-SxT (22)
A=Cy+ BT+ B,T* +B;T? (23)

where X and S, and C;, By, B, and B; were fitting parameters.
From these equations the thermal sensitivities could be calcu-
lated, depending on the thermometric equation used, as:

X 100% (24)

Stel = ’

S —ST
Srel = (By + 2B, T + 3B;3T?) x 100% (25)

The maximum S, = 2.86% K at 563 K was obtained for
Tm*",Ho*",Yb*":YPO,,"*° which allowed the calculation of a 6T
of 0.2 K. In the case of Tm*",Ho>",Yb*>":Gd,(WO,)s, the authors
reported a substantially lower S of 1.43% K ™' at 595 K, due
to the different phenomenological model used to fit the experi-

mental data.'*®
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When the two emission centers consisted of the combi-
nation of Tm®" and Er*", in the presence of Yb** as a sensi-
tizer, the same strategy was always used: the temperature
reading was achieved by the intensity ratio between the
700 nm emission line of Tm®" attributed to the *F,; — *Hg
transition, and the 655-660 nm emission line of Er’*, arising
from the *Fo, — ‘1,5, transition.'”>™ '3

The mechanism of the generation of these emission lines is
depicted in Fig. 9(c).

In short, Yb*" acts as a sensitizer to absorb the energy of
the 980 nm excitation source, and generates three ET processes
towards Tm®", populating its *Hs, *F, 3, and 'G, states after
some non-radiative relaxation processes in some cases
(Fig. 9(c)):

« Yb*':?*F5), + Tm*'*Hg — Yb*'°F,, + Tm?'°H; (ET1)

« Yb*'?F5p, + Tm? PHy — YBP'2F, ), + T F, 5 (ET2)

« Yb*":*F5), + Tm*"*H, — YD*":°F,), + Tm*":'G, (ET3)

On the other hand, a two-step ET processes from Yb** to
Er** can also occur:

« Yb*":*F5), + Er*T M5 — YBOUPF, ), + XML, (ET4)

« Yb¥'PF5, + Er¥MLy, — YDy, + ErP'R,, (ETS)fol-
lowed by a non-radiative relaxation to populate the Er** *H,,,
S5/, and “F,, electronic levels.

In addition, the population of the Er’" *Fy, state can be
achieved through another ET process:

« Yb*":*Fy), + Er*T: L5, — YB¥UPF,, + ErP 'Ry, (ET6)

Finally, a last ET process between Er’* and Tm®" can occur,
populating the *F, 5 level of Tm®" (not presented in Fig. 9(c)
for clarity reasons):

« Er’""Fop + TM*"*Hg — Er’: 'L 5, + Tm* %F, 5 (ET7)

Once the *F, ; level of Tm®" and the *Fy), level of Er’" are
populated, the emissions at 700 nm and at 666-660 nm are
generated arising from the electronic transitions indicated
above.

This strategy was used in Tm** Er**,Yb*":YF; nanoparticles
embedded in a glass ceramic,"”® and in Tm’"Er’",yb*":
LuF;,"** and in oleic acid-capped Tm*",Er*",Yb*":NaLuF, nano-
crystals.'® It is important to note here that due to the non-res-
onant energy matching between the *F, 5 level of Tm** and the
*Fy), level of Er**, the multiphonon-assisted ET rate (Kgr) can
be described by the Mott-Seitz model:>***%

Kgr oc ex _AE (26)
P\ " kT

indicating the temperature-dependent behavior and the link
between the two emissions involved in this thermometer. AE
here stands for the energy gap between the excited and de-
excited states.

In the case of Tm*",Er*" Yb®":YF; nanoparticles embedded
in a glass ceramic,'® the one exhibiting the highest S
(1.89% K™ ' at 393 K) among these examples of luminescent
thermometers, the authors fitted the experimental data to a
FIR model of the form of eqn (14). However, as discussed pre-
viously, since the two energy levels from which the emissions
considered are not thermally coupled since they do not belong
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to the same Ln*", this model should not be used, and instead
a phenomenological one should be implemented, exponential
in that case. In the two other cases, phenomenological models
were implemented, following polynomial equations in both
cases, of second order in the case of oleic acid-capped Tm?*",
Er**,Yb*":NaLuF, nanocrystals with the form:'**

A=Cy—BT+B,T? (27)

and of third order in the case of Tm*',Er*",Yb*":LuF; meso-
crystals with the form:'>*

A=Cy— BT+ B,T* — B;T? (28)

The S, of these systems were obtained using eqn (2), with
values of 0.76% K™* at 500 K,"”* and 0.95% K™' at 363 K,'**
respectively. The differences between S, obtained can be

attributed to the different phenomenological models
implemented in each case.
In general, the strategies to develop luminescent

nanothermometers analyzed in this section do not provide
higher S, than those highlighted in the previous sections for
Tm®"-doped systems, although in some cases they are pretty
close. However, they use emission bands with a more similar
intensity than those used previously in Tm?",Yb**codoped
systems (Fig. 10), which would facilitate recording the two
emission bands with enough guarantees with the available
detection systems, facilitating their practical use in biomedical
applications with a 6T of ~0.2 K, closer to the ones demanded
by the scientific community.

Table 1 summarizes all the information regarding Tm>-
doped luminescent nanothermometers, and Fig. 7 depicts the
evolution of the S, of every luminescent thermometer based
on Tm®" analyzed in this section operating in the I-BW in the
range of temperatures studied. From this figure, it can be seen
that in the majority of the cases analyzed, S, reaches its

Intensity (a.u)

1 i 1

675 700 725 750 775
Alnm —

Fig. 10 Temperature dependence of the emission spectra of Ho, Tm:
KLu(WOy,), nanocrystals, demonstrating the similar intensity between
the 3F,35 — He of Tm®* and >S,,°F, — °I; of Ho®*. Reprinted with per-
mission from ref. 150. Copyright 2018, The Royal Society of Chemistry.
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maximum value at room temperature, and then it decreases as
the temperature increases. However, there are three cases in
which S, increases in the biological range of temperatures,
decreasing later, and showing maxima at around 350-400 K.
These luminescent thermometers, based on Tm?")Yb®":
Sr,GdF,,'*> Tm*",Er** Yb®":YF; nanoparticles embedded in a
glass ceramics,"”® and Tm*"Er**)Yb*:LuF; mesocrystals,"*
would be the best options to perform luminescence thermo-
metry for biological applications in the I-BW, particularly in
the two first cases, since their maximum S, is around 2%
K™', which might allow a 6T of ~0.2 K, and the emission
bands in which they are based have a similar intensity, simpli-
fying the detection setup.

2.2. Neodymium-doped luminescent thermometers
operating in the I-BW

Nd**-doped luminescent thermometers have attracted signifi-
cant attention due to their superior luminescent yields in the
NIR spectral region."”®'7*2%* Nd*" ions can be excited with UV,
VIS and NIR light to generate emissions in the I-BW,>**72%
with potential advantages for biomedical applications, includ-
ing large penetration depths, minimal background inter-
ference, and little damage to the targeted samples, especially
when excited in the NIR, enhancing their application as lumi-
nescent probes for various bioapplications as NIR-to-NIR lumi-
nescent nanoprobes.>*”*%® Different Nd**-doped luminescent
thermometers operating in the I-BW have been designed
based on three different pairs of TCLs that the electronic struc-
ture of this ion provides: *F,/*F;,, (TCL 1), *F5,,/*Fs/, (TCL 2)
and *Fs/,/*F3, (TCL 3). In the field of luminescent nanother-
mometry, Nd**-doped materials have been frequently used as
sensitive thermometers in the physiological range of tempera-
tures. An important number of papers have been also devoted
to exploring luminescent thermometers based on the tran-
sitions from different Stark sublevels of the *F;,, excited state
to the "I, ground state. Furthermore, other recent references
explore the possibilities of developing dual emitting center
luminescence thermometers combining Nd*" with other Ln**
ions, such as Eu®", and transition metals like Ti**. This section
will focus first on the temperature-sensing properties of single-
doped Nd** luminescent thermometers, then on dual emitting
center Nd**/Ln*"-codoped luminescent thermometers, and will
conclude with dual emitting center Nd*/transition metal-
codoped luminescent thermometers, all of them operating in
the I-BW.

2.2.1. Single Nd**-doped luminescent thermometers oper-
ating in the I-BW. Contrary to single Tm®**-doped thermo-
meters (section 2.1.1), single Nd**-doped luminescent thermo-
meters operating in the I-BW represent the widest explored
class of luminescent thermometers operating in the I-BW due
to the temperature dependence of the TCLs of Nd**, lying in
this spectral region. The thermometric performance of these
thermometers, in general, is based on the FIR model, as can
be seen in Table 1, because AE between these electronic levels
lies in the range 200-2000 cm™". In single Nd**-doped lumi-
nescent thermometers operating in this region, the TCL 1, TCL
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2 and TCL 3, with theoretical AE 1910 cm™ ", 1020 cm™ and
960 cm™','7® respectively, are applied to determine their ther-
mometric performance.

The reported single Nd**-doped luminescent thermometers
operating in the I-BW have been excited with VIS and NIR light
sources. In a typical example of exciting the Nd**-doped par-
ticles with green light, the mechanism of the generation of the
emission bands (Fig. 11(a)) is as follows: photons of the
580 nm excitation light source are absorbed by Nd**, promot-
ing its electrons from the *Io;, ground state to the *Goy, or G-,
excited state, decaying then non-radiatively to the *Fs, and
“F,, states. From the “F5, state, a radiative relaxation decaying
back to the ground state generates an emission lying at
780-840 nm. The second emission band at 870-920 nm is gen-
erated after the non-radiative relaxation of the electrons from
the “F5, state to the *F3, level, prior to a radiative relaxation to
the ground state.'® A third emission band at 730-770 nm is
generated when electrons relax back to the ground state from
the “F,,, state.

Nd*' ions were embedded in hosts such as La,0,S,'*®
YAP,"” Gd,03,"*® LaPO,,"* fluorotellurite glass,'®® and stron-
tium barium niobate (SBN) glass ceramic,'®" for this class of
luminescent thermometers. In general, the performance of
these luminescent thermometers was evaluated by analyzing
the intensity ratio of the emissions corresponding to the
*Fs5), = o), and *F3, — “Ig, transitions (TCL 3). It should be
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Fig. 11 Mechanisms of generation of the emission bands in single
Nd**-doped nanoparticles after being excited with: (a) a green light
source (the magnification detail depicts the thermally coupled “Fs;, and
4F3, levels), and (b) a near infrared light source.
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noted here that for La,0,S, the FIR model applied was that of
eqn (14), in which a correction term accounting for the over-
lapping of the emissions was used although the emission
bands were largely apart, whereas for the other cases, the clas-
sical FIR model, described by eqn (9), was applied. Nd**-doped
hexagonal La,0,S particles operated as a luminescent thermo-
meter in the I-BW over the range of temperatures from 270 K
to 600 K, exhibiting a maximum S, of 1.95% K™ at the lowest
temperature analyzed, which is a little overestimated with
respect to the other luminescent thermometers based on Nd**
due to the fitting model used in its calibration.’>® However,
the big size of the particles obtained, and the temperature
where this maximum value of S,.; was obtained, quite often
might limit the potential applications of this thermometer.?
In fact, for this thermometer, by taking into consideration the
value of the experimental AE reported (987 cm™),>® and the
proper FIR equation (eqn (9)), the correct value of the S, that
should be considered would be 1.15% K™ (at 293 K). In the
case of the fluorotellurite glass,’®® and the SBN glass
ceramic,'®" we calculated the values of the S, (and 6T by con-
sidering the AE provided by the authors and the temperature
ranges analyzed. From all these results, we can conclude that
the maximum S, of this class of luminescent thermometers
would be in the range 1.15-1.83% K, in all cases obtained at
the lowest temperature analyzed. A higher S,. was reported in
Nd*" embedded in YAG, when TCL 2 was taken into
account.” If we compare the performance of the luminescent
thermometers based on TCL 2 and TCL 3, it is clear that the
best temperature-sensing properties were achieved for the
former one, mainly due to the higher AE between the elec-
tronic levels."”® Despite the higher S (2.95% K™ ') this value
was obtained at 200 K, whereas in the physiological range of
temperatures, it drops down to 0.3% K~ '.'>> The performance
of the Nd**-doped luminescent thermometers based on con-
sidering the Stark-sublevels of the *Fs, — “Io, transition
resulted in a lower S, (0.11-0.62% K ') which implied a
larger §T when determined using eqn (3) (>1 K), independently
of the excitation source used. Nevertheless, in some cases in
the bibliographic references 67 was reported to be smaller,
associated with better S, values reported that are impossible
to get according to the E associated with the Stark sublevels
involved in the emissions used to build the luminescent
thermometer, of the order of 50-270 cm™" depending on the
host in which the Nd** has been embedded. This energy differ-
ence, strictly speaking, does not allow for the application of
the FIR model to those emission lines arising from energy
levels apart by an energy difference below 200 cm™, so several
reports fit the experimental data to an exponential function of
the form of that shown in eqn (16), which might also explain
why in some cases better S, values were reported.

Fig. 11(b) shows the mechanism of generation of the emis-
sion lines associated with the Stark-sublevels of the *F;, —
14/, transition after excitation in the NIR. In this way, the elec-
trons in the Nd** "I, ground state are excited to the 'Fjs,
H,,, states; then they relax via a non-radiative process populat-
ing the “F;, metastable state. If instead, visible light in the
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green range is used to excite the sample, the electrons will be
excited to the more energetic “Go/, or *G,, excited states, as
shown in Fig. 11(a), but from there, they relax non-radiatively
to the “Fs),, Hy, state, from which the rest of the emission
mechanism is the same. The “F;, metastable state may be
radiatively depopulated, generating emission bands in the
I-BW, assigned to the “F;, — Iy, transition.’®® Since both
levels (*F3/, and “Iy),) are composed of several Stark sublevels
(R; and R, for *F;,, and Z;~Zs for 'Io,, as presented in
Fig. 11(b)), a plethora of emission bands lying in the
800-950 nm spectral range (Table 1) may be generated, which
can be used to define different luminescent thermometers,
depending on the host considered. Note that here we focused
only on the generation of the emissions lines used to build
this class of luminescent thermometers, without taking into
account that Nd*" can generate other emission lines in
different spectral regions, as we will see in the following
sections.

The case of Nd*":LiLuF,@LiLuF, should be mentioned
here, where instead of the thermalization of the R, and R,
levels, the contributions to peak shift and the width change of
the intensity of the emissions were considered to build the
luminescent thermometers, leading to higher sensitivity
values (if only the thermalization is considered with an AE of
55 cm™?, a maximum S, value of 0.09% K* would have been
achieved).'®*

Despite these limitations in this class of thermometer,
Marciniak et al. investigated the effect of the Nd*" concen-
trations and the alkali ion in the host on the thermometric
performance of Nd**-doped monoclinic tetraphosphates of the
form ALaP,O;,, where A = Li, K, Na and Rb.'®> The authors
investigated the thermometric performance of these com-
pounds, via three different classes of luminescence nanother-
mometry technique: band-shape, bandwidth and spectral
position.

Regarding the performance of the luminescent thermo-
meter via the band-shape thermometry technique, the experi-
mental data were fitted to an exponential function of the form
of that shown in eqn (16). The authors observed a tendency of
the intensity ratio to increase as the temperature increased for
all the investigated hosts. However, at higher temperatures, an
inversion of this trend could be observed for the hosts contain-
ing Li and Na, due to the drastic lowering of the intensity of
one of the emissions with respect to the other, due to the
excited state absorption to higher energy levels (Fig. 12(a)).
This effect reduces the usable temperature range for these
luminescent thermometers. The highest S;.; was obtained for
the LiLaP,0,, host while the lowest one was obtained for the
KLaP,O;, host, while the other two, the RbLaP,0,, and
NaLaP,O;, hosts, have similar values (Table 1), following a
linear trend with the crystallographic b parameter of the
materials, coinciding with the direction along which the
(PO,)*~ tetrahedral chains characteristic of these compounds
run (Fig. 12(b)).*® Here, the influence of the symmetric P-O-P
vibration mode, that shifts towards lower energies as the mass
of the alkali ion in the host increases due to the distance

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0nr09150b

Published on 24 mart 2021. Downloaded on 12.05.2026 10:09:24.

Nanoscale

— 1 %

(a) 5?oTemperature (K)83 (d)

2150 1?7 1'25 1?0 2 10%
16F -& LiNdP,O,, . — 50 %
: -& KNP, —100 %
2 NaNdP0,, >
o™ "“l - RONGP,O,, g .=
= % ]
© 5 1S [ =
& 1 £
> [, £
1‘5 10} 1 -
c (]
) N
- 08} i =
1< = ©
- £
06 .
™ ey S
7 R = 11450 11500 11550 11600
2 4 6 8 10 12
1000/T (K1) Energy (cm™)
- — (o)
- 8OLAA. A_
4 75 e
§ 014} ’ =
s ’ £ 7otMy
3 ’ 365 A N
N o012 /. w °r u
< oo ~
’ 6ol "™ L g3y
’ L R o
o10} W 4 554 ~ B
8 10 12 14 16 18 0}120-40°60 801100
b (A) Nd3* Concentration (at.%)
(c) f) .,
-
__05fg -
%3 [ &
2 I %48 o o [e)
< X 2 a0 o
X ® kK \\ 03w o7 . 8
~ 001 A Na nit ' g 3‘ S X
K] . \“ \ 8 0.2 T S
m‘- il A\ 4 e P i
V Rb 240 245 250 255 26
1E-3 ‘

AT Average M-O distance (A)

Nd3* Concentration (at.%)
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as a function of the dopant concentration. (d) Comparison of the emis-
sion band positions for the R, — Z; and R; — Z; transitions for different
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centration on the energy separation between the R; and R, Stark suble-
vels for AP4O1, nanocrystals. (f) Variation of S,e with the M—O mean dis-
tance in Nd**-doped AP,O;, nanocrystals. Reprinted with permission
from ref. 165. Copyright 2016, The Royal Society of Chemistry.

between the alkali ion and the phosphorus ion, seems to play
a major role. Also the concentration of Nd*' in the hosts
highly influences the S, value due to the dependence of the
energy separation between the two Stark sublevels involved in
the generation of the emissions used to build the thermometer
(Fig. 12(c)). With the increase of the Nd** concentration, the
position of R, and R; is shifted (Fig. 12(d)), using the
KLaP,O;, host as an example. This tendency, with different
rates, can be noticed for each of the other hosts. The decrease
of the AE value was stronger for RbLaP,0O,, (a decrease of
24 em™'), compared with LiLaP,0;, (15 cm™"), NaLaP,O,,
(6 em™) and KLaP,0,, (3 cm™") (Fig. 12(e)). Since S, for these
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nanothermometers is ruled by the Boltzmann distribution, it
depends on AE, and it is clear that a decrease of this para-
meter will lead to a decrease in the thermal sensitivity.

Concerning spectral position thermometry, with the
increase of the temperature a red-shift of the emission lines
was observed for all the hosts analyzed, with RbNdP,Oq,
showing the strongest changes, while KNdP,0,, exhibited the
smallest ones. This shift in the position of the emission lines
is usually associated with the electron-phonon coupling effect
that results from the introduction of random perturbations in
the active-ion-surrounding environment by the host vibration
modes at higher temperatures that can be thermally occupied,
generating stronger electron-host interactions. This results in
a decrease of the energy of the emitted phonons and thus a
slight shift of the emission band towards higher wavelengths.
The spectral change can be described by:'®>*%°

AL = A5+ AAP + AAM 4 AAR (29)

where A2°, AP, A and AR represent the contributions to
the spectral shifting of the crystal strain inhomogeneity, the
single phonon processes, the multiphonon processes, and the
electron-host interaction effect associated with Raman scatter-
ing, respectively. However, the three first parameters can be
considered to be temperature independent, and thus only the
electron-host interaction parameter should be considered as
the one which controls the emission line shift as the tempera-
ture increases.

According to that, the change in the spectral position can
be expressed as:**%*'°

TN\ (/T 3
04 = 64 — d 30
0+a(@D) Jo o1 (30)

where 64y, a, @p and AL and represent the initial line position,
the electron-host coupling parameter, the effective Debye
temperature, and the phonon energy, respectively. The corres-
ponding S, thus, can be calculated from the following
equation:

1 j,z — ll

Srel = —
rel 7 AT

X 100% (31)

where 4, and 1, represent the spectral shifts at temperatures T,
and T; and AT is the result of T, — T}.

Srel follows a linear inverse trend with the average distance
between the metal and the oxygen host (Fig. 12(f)).'®® After
these results, the general conclusion that can be drawn is that
the materials exhibiting the shortest metal-oxygen distance
exhibited the highest thermometric performance. This is
because the electron-host coupling parameter is proportional
to the average metal-oxygen distance while the electron-
phonon interaction strength increases with the covalence of
the bond, which increases proportionally to the shortening of
the chemical bond length.***>'® These results indicate that, to
further enhance the thermometric performance of lumines-
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cent thermometers based on Nd**, host types with strong elec-
tron-host interaction parameters should be selected.

Using bandwidth luminescence nanothermometry, it was
observed that the width of the emission band was broadened
as the temperature increased, as a consequence of the elec-
tron-phonon interaction. To determine the thermometric per-
formance, the bandwidth of the emission band at a particular
temperature could be determined according to:*"*

hQ
Av = vy [coth (szT) (32)

where v, stands for the full width at half-maximum at the
initial temperature. The highest S, (determined using eqn
(18)) was seen, yet again, for 1% Nd*'-doped LiLaP,0,, for a
value of 0.32% K '.'®® However, in that case, it was not poss-
ible to establish a correlation between the structural para-
meters of the host and S, for the case of the bandwidth
luminescence nanothermometry.

As a final remark, among the three luminescence nanother-
mometry classes explored to study the thermometric perform-
ance of these compounds, the spectral position luminescence
nanothermometry technique displayed the best temperature-
sensing properties.'® Despite this better performance, accord-
ing to the authors the spectral position is much more difficult
to accurately determine and requires high-resolution detection
systems, which hampers the implementation of this technique
to determine the temperature in real biomedical samples.'®
Thus, please note that Table 1 presents only the nanomaterial
with the highest S, and the corresponding way of evaluating
this performance. As can be observed from Table 1, the thermo-
metric performance of this class of materials is still lower com-
pared with other materials operating within this spectral region.

2.2.2. Dual Nd**/Ln**-codoped luminescent thermometers
operating in the I-BW. Dual Nd**/Ln** luminescent thermo-
meters operating in the I-BW are mainly based on the incorpor-
ation of Yb®" as a sensitizer due to its large absorption cross
section at 980 nm, which would lead to brighter emissions.'*®
This feature has led this element to be used together with Nd**
and other Ln*" ions in photon conversion processes involving
ET mechanisms. For the case of Nd*", the application of Yb®" as
a sensitizer allows the use of the three TCLs ('F, ‘Fs» and
“F,) for temperature-sensing purposes (Table 1). However, as in
the case of Tm*"/Yb**-codoped luminescent thermometers, the
overheating problem due to the strong water absorption band at
around 980 nm makes nanothermometers containing Yb®" and
pumped at this wavelength non ideal for biomedical appli-
cations.>*® The mechanism of the generation of the emissions
in Nd**/Yb*'-codoped thermometers is based on phonon-
assisted energy transfer (hereafter PAET) processes.'””'®! In a
typical process (Fig. 13(a)), under 980 nm excitation, electrons
are excited from the Yb** ’F,, ground state to the Yb** *F;,
excited level. The transfer of energy from this state to the Nd**
states is achieved through PAET processes. This allows the popu-
lation of the “Fs,, Fs, and “F, states of Nd*" if the maximum
phonon energy of the host is the suitable one for covering AE
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particles codoped with Nd** and: (a) Yb>* after 980 nm excitation, and
(b) Eu®* after excitation in the green range.

between these energy levels, of the order of 1750 ecm™". Also, the
PAET process becomes more effective as the temperature
increases,"”””"®" making these electronic levels thermally
coupled. Hence, thermal population of the *Fs;, and “F5, levels
can be achieved from the lower energy level. From these states,
radiative decay to the ground state generates Nd** emissions in
the I-BW window at 863 nm, 803 nm and 750 nm, respectively,
as shown in Fig. 13(a). The performance of these Nd**,Yb**-
codoped nanoparticles was evaluated by the typical FIR model.
The most used TCLs are the “F;, and the ‘F,, levels, which
showed higher S, values than when the emission arising from
the “Fs,, level is used (Table 1). A full comparison between the
temperature-sensing performance of the three TCLs in Nd**
with emissions in the I-BW is provided by Nd**,Yb**-codoped
oxyfluoride glass.'”® The results show that the thermometric per-
formance follows the order: *F-/*Fy/5 > *Fon/'Fsjn > ‘Fspn/'Fypn
(Fig. 14(a)), which is in agreement with the experimental AE
determined between these levels (2076 cm™, 1300 cm™ and
1216 cm ™, respectively)."”® The S, values obtained when using
the “Fs, and ‘F,, TCLs allows the calculation of a 6T of
~0.15-0.2 K, approaching the desired values for biomedical
applications,'® although this low limit is always attained at the
minimum temperature analyzed, normally room temperature.
Another interesting example here is the luminescent
thermometer constituted by Nd**,Yb**-codoped trigonal La,O;
microparticles, in which the thermometric performance was
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(c) Emission spectra of Eu,Nd:YVO, nanoparticles under excitation at
590 nm in the temperature range of 299-466 K. Adapted with per-
mission from ref. 183. Copyright 2020, The Royal Society of Chemistry.

explored in the widest temperature range among this class of
thermometers, from room temperature to 1233 K.'®! Here, the
repeatability of the measurements was tested via four heating
and cooling cycles, revealing an excellent performance
(Fig. 14(b)). Also, based on these heating and cooling cycles,
the authors could calculate the temperature uncertainty as:

o
ATpmin = — (33)
rel
where o represents the standard deviation of the intensity ratio
(*F5/2/"F3), in this case). The value obtained was 0.1 K in the
temperature range below 400 K, whereas it increased for higher
temperatures, reaching a maximum of ~3 K at 1230 K.'®!

An interesting choice with these dual emitting center Nd**,
Ln**-codoped luminescent thermometers operating in the
I-BW is the choice of combining the emissions of Nd** with
the emission of Yb**, which besides acting as a sensitizer can
also generate an emission line that can be used to measure the
temperature. An example of this kind of thermometer is that
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of Nd**,Yb*":Al,B,0, orthorhombic nanoparticles excited at
977.7 nm."”® The mechanism of the generation of the emis-
sions is exactly the same as that described before in Fig. 13(a),
including the emission generated by the *Fs;, — *F;, radiative
relaxation in Yb®". The highest S,.; was obtained when calculat-
ing the 800 nm versus 920 nm intensity ratio of the emissions
of Nd** and Yb*", respectively (Table 1), as AE is larger when
compared with the one between the 864 nm and 920 nm emis-
sions.'”® The results obtained from this combination are com-
parable to that obtained for the TCL 3 when only the Nd**
emissions are used, but are still lower than that of the TCL 1.

Besides Nd**/Yb**-codoped luminescent thermometers
operating in the I-BW, another choice, rarely reported, is Nd**/
Eu’*-doped materials. These luminescent thermometers are
based on the emissions arising from non-thermally coupled
levels (hereafter NTCLs) of Eu®* at ~700 nm and Nd** at
~800 nm."*'® The reason why these Nd**/Eu’" co-doped
thermometers were proposed was to overcome the drawback of
the limitation in the maximum value of the S, that can be
achieved operating with TCLs.>'* Thus, the strategy of imple-
menting emission lines generated from two different active
centers was tested. The mechanism of the generation of these
emission lines is depicted in Fig. 13(b). The excited energy
states °D, of Eu®* and 'G,,, of Nd*" are very close in energy;
therefore they can be simultaneously excited at 590 nm. From
these excited states, the electrons of Eu®*" can fall back to the
’F, state, generating the emission located at ~700 nm. The
electrons of Nd**, from the *G/, level, followed a series of non-
radiative relaxations that populate the *Fj, level (among
others). From this level, the radiative relaxation back to the
ground state generates the emission at ~800 nm.'®>'®* 1t is
worth noticing here again that we only focused on the mecha-
nisms to generate the emissions involved in the luminescent
thermometers, independently of the fact that other emission
lines can be generated with these ions.

Two examples that apply this combination of Nd*" and Eu**
ions involve YVO,,'®® and Ba,LaF,,'®* as hosts. One of the
interesting characteristics of these luminescent thermometers
is that the emission that should be expected at around 750 nm
for Nd*", arising from the transition of the F,,, level to the
ground state, is very weak, compared with that observed in
Nd*'/Yb*" luminescent thermometers, so it cannot be used for
luminescence thermometry in this case. Another interesting
feature of this class of thermometers is that while the emission
of Eu** changes slightly with temperature, the emission of
Nd*" is highly dependent on the temperature, and its intensity
increases as the temperature increases (Fig. 14(c)). In the case
of Ba,LaF,, the S, reported was calculated using eqn (1),
corresponding to S,ps, SO it cannot be compared with that of
other luminescent thermometers reported in the literature.
From the fitting function a AE of 1890.8 cm™" could be
extracted,'®® a value that can be used to calculate S, using
eqn (10), obtaining a value of 2.2% K" and a §T of 0.22 K at
the lowest temperature under investigation (290 K).

From Table 1 and Fig. 15(a) and (b), it can be noted that
the purpose of these Nd**/Eu®"-codoped luminescent thermo-
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Fig. 15 Temperature dependence of S for: (a) single doping and (b) codoping with other lanthanide ions (in solid lines) and transition metal ions
(in dashed lines) for Nd>* luminescent thermometers, operating in the I1-BW. The numbers represent the corresponding references for each Nd>*-

based thermometer.

meters to achieve better thermal sensing properties than that of
thermometers based on TCLs is partially achieved. The perform-
ance is better when compared with that of the Nd**/Yb** lumi-
nescent thermometers operating under TCL 3, similar to TCL 2,
but still lower than that of TCL 1. However, an important aspect
to consider here is that Nd**/Eu*"-codoped luminescent thermo-
meters are excited in the green region, whereas the ones based
on Nd*'/Yb*" are excited in the NIR. Thus, a limitation for this
class of luminescent thermometers is the penetration depth
that can be achieved with them in biological applications.®®
2.2.3. Dual Nd*'/transition metal-codoped luminescent
thermometers operating in the I-BW. The combination of Ln**
with transition metals in the same host lattice introduces new
luminescence properties involving the emissions of both kinds
of ion.*"* Mixed Ln*"/transition metal compounds with lumine-
scence properties from both ions have emerged recently with
especial interest for luminescence thermometry, attributable to
the fact that the luminescence properties of the transition
metals are drastically affected by local symmetry changes and
the allowed character of the d-d transitions, which renders
these ions as competitive thermal probes when compared with
the f-f transitions of Ln*".">>'8%18% Here, the intensity of the
emissions arising from the Ln®* change barely with tempera-
ture; thus, they can be considered as reference signals.'>>*8%183
For the Nd**-based luminescent thermometers operating in the
I-BW, the transition metals involved for thermal sensing pur-
8% chromium,'*® and manganese,'®’ all
embedded in yttrium aluminum garnet (YAG). To generate the
emission lines, however, these materials have to be excited with
UV (exciting Ti(v) and Mn(wv)) and VIS (exciting Cr(ur)) light
(Table 1)), which will hamper their possible biomedical appli-
cations. As an illustrative example, Nd**,Cr**-co-doped YAG was

poses include titanium,

excited at 590 nm and the multiple emissions generated are pre-
sented in Fig. 16(a).
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Nd**,Cr**-codoped YAG, after being excited at 590 nm. Reprinted with
permission from ref. 155. Copyright 2017, the Owner Societies.

Absorption of light at 590 nm allows for the excitation of
electrons of Cr’* from the *A, ground state to the “T, excited
state, which was followed by nonradiative multiphonon relax-
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ation processes leading to the population of the ’E state.
Radiative relaxation from these two states led to narrow
(690 nm) and broad emission bands (710 nm), assigned to the
B - “A, and ‘T, — ‘A, transitions, respectively.">® In
Fig. 16(b), the displacement of the position of the *T, state
with respect to that of the *A, ground state is due to the distor-
tion introduced by the crystal field, leading to the appearance
of a crossing point between these parabolas.'> Through this
crossing point, electrons can be transferred to the ground state
via nonradiative multiphonon relaxation processes, if the
thermal energy provided to the system is sufficiently high.'*?
Nd*" emissions are generated after this ion absorbs the energy
provided by the excitation source, promoting its electrons to
the *Gs),, “G, excited states, followed by a non-radiative relax-
ation to the “F3/, state, where either: (i) radiative relaxation to
the “Io;, and *I4,, states, or (ii) thermalization of the higher
energy levels “F5/, and “F,,, can occur, giving rise to emission
bands in the I-BW and II-BW."*®

The performance of this luminescent thermometer (and
the Nd**/Ti*" and Nd**/Mn*" systems as well) was evaluated
through the intensity ratio, defined as:'>*

Iocr 1

1+ ex (% I — |1+ex h—w p— —ex %
Pl ) fond P\ kT P\ ket

(34)

A=

The temperature dependence of this intensity ratio involves
3 mechanisms:

(i) the luminescence thermal quenching with a cross-over
point, where I, ¢, and AE; represent the initial intensity of the
Cr** emission bands at low temperature, and the energy differ-
ence between the bottom of the excited state parabola and the
energy of the crossing point of the excited and ground state
parabolas (Fig. 16(b)).

(if) the temperature dependence of the intensity of the
emission band arising from the *Fs, — ‘I, transition of
Nd**, where I, nq is the initial intensity of this transition,
whose intensity decreased as the temperature increased due
to multiphonon depopulation processes, and where 7w and p
represent the maximum phonon energy of the host material
and the number of phonons involved in the process,
respectively.

(iii) the thermal depopulation of the *F, state towards the
F5,, state of Nd**, lying AE, = 1000 cm™" above the “F;, state.

Sre1 Was calculated according to eqn (2). The temperature
dependence of S, for each Nd**/transition metal luminescent
thermometer is presented in Fig. 15(b), whereas their maxima
are listed in Table 1. A maximum S, of 3.49% K ' was
achieved for this class of luminescent thermometers, being
higher than the one that can be achieved in Nd**/Yb*" and
single-doped Nd** luminescent thermometers.'*® In fact, this
value of sensitivity is approximately 3 times higher than the
thermal sensitivity that can be obtained when using the inten-
sity ratio of TCL 2 or TCL 3 in single-doped Nd*" in YAG. The
reason behind this improvement in the thermometric perform-
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ance is the efficiency of the Cr’* — Nd*" ET process."> This
class of luminescent thermometers, constituted by the combi-
nation of the emissions arising from Nd*" and a transition
metal, definitely exhibit higher temperature-sensing perform-
ances, especially in the case of Nd**/Ti*" and Nd**/Cr**. Thus,
their potential application as temperature sensors is attractive.
Despite this, as can be observed in Fig. 15(b) and in Table 1,
the maximum S, values are either achieved at lower (Nd**/
Cr’) or higher (Nd**/Ti*") temperatures than those similar to
those that can be achieved with Nd*/Yb®* luminescent
thermometers (for Nd**/Ti** this value is ~3.3% K ','®* for
example). It should be emphasized as well that these systems
are quite complex, and detailed studies to understand the
effect of the factors that govern the temperature-sensing pro-
perties, such as the electron-phonon interaction, the crystal
field strength and the physical processes responsible for temp-
erature susceptibility, are highly needed.'® Last, these
materials are excited with UV and VIS light, at wavelengths
that might induce autofluorescence, phototoxicity, and limited
penetration depths when applied in biological tissues.®® Thus,
novel strategies to excite these materials with NIR light sources
are needed.

2.3. Europium-doped luminescent thermometers operating
in the - BW

The application of Eu’"-doped materials as luminescent
thermometers operating in the I-BW is based on their emis-
sions located in the deep red region, ~710 nm, assigned to the
°D, — ’F, transition. These thermometers are rarely reported
in the literature (Eu®":Y,0;)."*® However, the most significant
aspect of the Eu*":Y,0; luminescent thermometer it that it
offered for the first time the possibility of predicting the cali-
bration curve of the thermometric parameter independently of
the medium in which this thermometer operates, allowing the
development of a luminescent primary thermometer based on
Ln**-doped materials. Primary thermometers are systems in
which the temperature can be determined based on the knowl-
edge of thermodynamic laws and quantities.>'* In general, to
extract the thermometric parameter, the calibration process
requires an independent measurement of the temperature
through a thermocouple or an IR camera. But when this
thermometer operates in different media, a new calibration
procedure is required. Hence, primary thermometers guaran-
tee a single calibration procedure that is medium-free. The
thermometric parameter, 4, in Eu*":Y,0; was determined by
the ratio between the emission intensity of the its D, — “Fy4
transition, when the °D, state is excited through the “F, or the
’F, state, in the physiological range of temperature, or through
the “F; and ’F, states, for lower temperatures (down to
180 K).'®® Considering the physiological range of temperatures
as a particular region of interest for biomedical applications, A
is defined as:

Iy (F)

4= 7
L ("Fy)

B E ) 33
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Fig. 17 (a) Energy level diagram used for stimulating the energy levels
of Eu®* involved in the luminescent thermometer operation. Deep red
emission spectra of Eu®*:Y,O3z nanocrystals excited at: (b) 611 nm, and
(c) 580 nm. (d) Thermometric parameter calculated in the physiological
range of temperatures. Points are the experimental values of the A para-
meter obtained from the spectra in (b) and (c) after being corrected for
the respective excitation intensity, whereas the line is the calculated
curve obtained from eqgn (37), corresponding to the primary thermo-
meter. (e) Relative sensitivity in the physiological range of temperatures.
(b)—(e) Reprinted with permission from ref. 186. Copyright 2016, The
Royal Society of Chemistry. (f) The variation of S, of Eu**-doped
nanothermometers operating in the I-BW. The red line is computed
using eqn (35) and the black line using eqn (36).

where I,5 is the intensity of the transition from level 3 (°D,) to
level 2 ("F,) at the steady state regime (Fig. 17(a)), p stands for
the Boltzmann population factor, and W3, is the absorption
rate from level 1 ("F, or F,) to level 3 (Fig. 17(a)).

A is determined by measuring the integrated areas
under the emission curves of the D, — ’F, transition,
excited resonantly through the ’F, and the ’F, levels, con-
sidering that the two different excitations towards the D,
level are the same and are dielectric in nature, and that
the emitting level (°D,) and the ’F, ground state are
nondegenerate:"%°

(36)

where, S (°D, » 'F,) and S (°D, — ’F,) represent the area
under the red emission curves, excited resonantly through the
’F, and “F, levels, respectively; and AE stands for the energy
difference between the “F, and the “F, levels. To calculate the
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thermometric parameter in the physiological range of temp-
eratures, the theoretical expression of this parameter, pre-
dicted by considering the absorption rates in eqn (35), is
expressed as:'®®

875) (37)

B

where AE = 875 cm™"' and the pre-exponential factor 51 are
determined from the energy difference between the barycen-
ters when excited via the “F, or 'F, level, and the ratio
between the areas of the emissions rising from these levels,
respectively. The experimental values of A were extracted
from the integrated intensities of the D, — ’F, transition.
Two excitation wavelengths were used, 611 nm and 580 nm,
to excite the *D, level resonantly from the “F, and the ’F,
levels, respectively. The red emission observed displayed a
different behavior with the increase of the temperature,
depending on the excitation wavelength used. When excited
at 611 nm, the intensity of the red emission increased due to
the increase of the thermal population of the Stark sublevels
of the F, state (Fig. 17(b)), whereas when excited at 580 nm,
the opposite tendency was detected, due to the thermal
depopulation of the “F, ground state (Fig. 17(c)).

The experimental values were in excellent agreement with
those obtained from the equation defining the primary
thermometer (eqn (37)) (Fig. 17(d)), displaying an error of
3%,"®® and demonstrating the successful development of a
Ln**-doped material as a primary luminescent thermometer.
In terms of Sy, it is in the order of 1.55% K" at the physio-
logical range of temperatures (Fig. 17(e)). Higher values of
thermal sensitivity (~1.7% K" at 180 K) were obtained when
calculating the thermometric parameter from the red emission
excited through the “F, and ’F, levels. Also for this case, the
principles of the primary thermometer could be applied, with
a maximum error of 2%.'%® In that case, the thermometric
parameter was defined as:

e [n3 (%)] S (°Dy —7 Fy) exp( AE) (38)

n® S (°Do —7 Fy) kT

where n stands for the refractive index of the host where the
Eu’" ions are embedded.

If we compare the performance of this single-doped Eu®*
luminescent nanothermometer with the dual emitting center
Nd*'/Eu®" ones, based as well in the red emission of Eu*", the
latter exhibit higher S, in the physiological range of tempera-
tures (Table 1).

2.4. Erbium-doped luminescent thermometers operating in
the I-BW

The application of erbium (Er’*) doped materials as lumines-
cent nanothermometers operating in the I-BW is mainly
assigned to the presence of the red (~660 nm) and NIR
(800 nm and 850 nm) emissions, either in single-doped
materials, or in combination with other dopants, including
other Ln*" and transition metals.

This journal is © The Royal Society of Chemistry 2021
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2.4.1. Single Er’*-doped luminescent thermometers operat-
ing in the I-BW. Single Er**-doped materials used as lumines-
cent nanothermometers operating in the I-BW are based on
the emissions located in the red and NIR. Upon excitation
in the visible or NIR, these emission lines are generated,
governed by the cross relaxation (CR) process (‘Fy, “111/2) —
(*Fos, *Fop) (Fig. 18(a))."®” In short, the electrons of Er*", via
absorption of two photons, are excited from the ground state
to the "1/, level first, and further to the “F-,, excited level at
the end of the process. Also in short, the electrons of Er*", via
the absorption of two photons, are excited from the ground
state to the Iy, level first, and further to the *F,, excited level
at the end of the process. From this level, successive non-radia-
tive decays lead to the population of the Iy, and *Fy, levels.
From these levels, when relaxing back to the *I;5, ground
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Fig. 18 Mechanisms of generation of the emission lines located in the
I-BW of: (a) Er®*, (b) Er¥*/Ho®>*/Yb®*, and (c) Er**/Mn**/Yb*" doped
materials.
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state, emissions lying in the red (654 nm) and in the NIR
(806 nm) are generated (Fig. 18(a))."®”

The operation of these luminescent thermometers is based
on the temperature dependence of the electronic population of
the different Stark sublevels of the “Fy, level, with emissions
located in the red region, the intensity ratio of the emissions
at ~800 nm, or the intensity ratio between the red and NIR
emissions (Table 1). Among these, the high S, extracted from
the intensity ratio of the NIR emissions represents a promising
strategy.

Er**-doped strontium barium niobate (SBN) glass ceramic
was investigated as a luminescent thermometer in a wide
range of temperatures (300-700 K), by studying the intensity
ratio in the NIR between the 800 nm and 850 nm emissions,
attributed to the *Hyy, — 'Liz and *S;, — 'Lz, electronic
transitions, respectively.'®’ The temperature dependence of
this intensity ratio was fitted to the FIR equation (eqn (9)),
achieving a maximum S, and a minimum 67 of 1.39% K*
and 0.36 K, respectively, at the lowest temperature investigated.
It should be noted here that the authors did not report these
two parameters, but they provided an experimental value of AE
(872.3 cm™") between the thermally coupled *H,q,, and *S,
levels, which allowed us to determine their performance.
However, the excitation wavelength (532 nm) used to activate
this luminescent thermometer,"®" located in the visible region,
may hamper its biological/biomedical applications.

The S;. obtained from the intensity ratio between the red
and NIR emissions is higher when compared with that
achieved using the emissions of the Stark sublevels of the *Fy,
level. An example of this class of luminescent thermometers is
that of Er’" incorporated within active core-inert shell
NaErF,@NaGdF, nanoparticles."® The emissions of these
nanocrystals, located at 654 nm and 806 nm, are generated
from excitation either at 980 or 1530 nm."®” These two emis-
sions arise from NTCLs, and their performance was extracted
by fitting the intensity ratio with a second-order polynomial
function, as presented in eqn (27).

When using emissions arising from a different Stark sublevel
of the *Fy, level, red emissions (654 nm and 660 nm) were
obtained after excitation at 800 nm. The S, of this class of
luminescent nanothermometers was up to 9 times smaller than
that obtained with the two other luminescent thermometer
classes described in this subsection (Table 1). The reason for
that is the low AE between the different Stark sublevels from
which the emissions arose.'®®'®® Moreover, the overlap of the
two emission signals causes a low discriminability between the
emission lines, and a large detection deviation.'®® Regardless of
the poor performance of this class of luminescent thermo-
meters (Fig. 19), it is worth mentioning here the idea behind
heavily concentrated core@shell@shell Tm®":NaErF,@Yb*":
NaYF,@Nd*":NaYbF, nanostructures, in which Tm?*'-mediated
transient energy trapping coupled to Nd**/Yb®" cascade-sensitiz-
ation is used to efficiently trigger a single-band red emission of
Er’", after careful optimization of the doping composition."*®

2.4.2. Er**/Yb**-codoped luminescent thermometers oper-
ating in the I-BW. Materials codoped with Er** as an activator
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Fig. 19 Temperature dependence of S, of Er®*-doped luminescent
thermometers, operating in the [-BW. The numbers represent the
corresponding references for each Er**-based thermometer.

and Yb®" as a sensitizer are the most explored class of Er’*
luminescent thermometers operating in the I-BW. Yb*" ions,
due to the efficient absorption at 980 nm, allow the develop-
ment of NIR-to-NIR based luminescent thermometers, besides
improving the signal intensity of Er*" emissions.'”*™"%* Er’*/
Yb**-codoped materials can be applied as luminescent
thermometers based on the emissions of Er’*, or in combi-
nation with other emissions arising from other Ln** or tran-
sition metals (Table 1). An effective strategy is the combination
of emission arising from Er*" and Ho>" in the NIR region, in
the presence of Yb*' as a sensitizer, in hexagonal NaLuF,
microcrystals.’®" The emission bands used to determine the
thermometric performance of these particles are located at
887 nm and 817 nm, assigned to the °Is — °Ig transition of
Ho®" and the *S3, — *I;3, transition of Er’", respectively. The
mechanism of generation of these emissions is presented in
Fig. 18(b). In short, Yb>" absorbs the 975 nm excitation source
and transfers the absorbed energy to the emitters Ho’" and
Er*", exciting their excited states via ET mechanisms."" From
these excited states (‘Fy,, for Er*" and °S,, °F, for Ho®"), and
via non-radiative decays, the *Fy, (Er’") and °I5 (Ho") elec-
tronic levels are populated, and from their radiative decays
back to the ground states (‘I;5, (Er*") and °Iy (Ho")), the
corresponding 817 nm and 887 nm emission lines are gener-
ated. Since these two emission lines arise from different emit-
ting ions, the intensity ratio was fitted to a second-order poly-
nomial function of the form of that in eqn (27). The maximum
Sre1 Was ~1.73% K~ at room temperature.'"

When codoped Er**,Yb®" materials were investigated alone,
without the addition of other ions, S, decreased around 2
times (Table 1). Two typical examples exploring this strategy
are Er’",Yb*": Zr0,,"? and Er’*",Yb*":YF; nanoparticles.'”> In
these cases, the temperature-sensing properties were explored
by using the emissions located in the red (Er’*,Yb**:ZrO,) and
NIR (Er*",Yb*":YF;) spectral regions, by exciting the particles
at 980 nm. Here, it is important to note that the luminescent
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thermometer based on Er*',yb*":zrO, nanoparticles worked
under the so-called “valley-to-peak” model (VPR).'*?
According to this model, and for emissions that originate
from TCLs, if the emission lines are close enough, they will
overlap, and as a consequence, a valley will be formed
between them.'®*?'> As the temperature increases, the line-
width of each emission peak broadens monotonically and the
intensity valley formed overlaps also.>'> The VPR model is
predicted to be a monotonic function of the temperature and
is expressed as:'?*?"°

VPR = a(T — Ty) + b (39)

where a is the slope of the linear fitting, b is a constant, and Ty
and T represent the initial and final temperatures, respectively.
Srel, described as the changing rate of VPR with temperature, is
expressed as:'9*?13

1 dVPR
" VPR dT

rel

(40)

The temperature evolution of this S, is presented in
Fig. 19, together with that of the rest of the luminescent
thermometers described in this subsection, showing a ten-
dency to decrease as the temperature increases.

Er’',Ho*",Yb*":NaLuF, luminescent thermometers exhibit a
Srel two times larger (Table 1), so that the combination of the
emissions of Er’* and those of other Ln*", in the presence of
Yb*" as a sensitizer, is a promising strategy for luminescence
thermometry.

An additional strategy towards better temperature-sensing
properties is that of codoping materials with Er*" and tran-
sition metals, such as Mn**. Manganese ions generally display
red to NIR luminescence assigned to the spin-forbidden *E —
A, transition under excitation with UV or blue light, owing to
their high effective positive charge and the influence of a
strong local crystal-field.>'®*!” Upon proper modific