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ABSTRACT

Following astonishing growth in the last decade, the field of luminescence thermometry has reached the stage of becoming a mature tech-
nology. To achieve that goal, further developments should resolve inherent problems and methodological faults to facilitate its widespread
use. This perspective presents recent findings in luminescence thermometry, with the aim of providing a guide for the reader to the paths in
which this field is currently directed. Besides the well-known temperature read-out techniques, which are outlined and compared in terms
of performance, some recently introduced read-out methods have been discussed in more detail. These include intensity ratio measurements
that exploit emissions from excited lanthanide levels with large energy differences, dual-excited and time-resolved single-band ratiometric
methods, and phase-angle temperature readouts. The necessity for the extension of theoretical models and a careful re-examination of those
currently in use are emphasized. Regarding materials, the focus of this perspective is on dual-activated probes for the luminescence intensity
ratio (LIR) and transition-metal-ion-activated phosphors for both lifetime and LIR thermometry. Several particularly important applications
of luminescence thermometry are presented. These include temperature measurement in catalysis, in situ temperature mapping for micro-
fluidics, thermal history measurement, thermometry at extremely high temperatures, fast temperature transient measurement, low-pressure
measurement via upconversion nanoparticle emission intensity ratios, evaluation of the photothermal chirality of noble metal clusters, and
luminescence thermometry using mobile devices. Routes for the development of primary luminescence thermometry are discussed in view
of the recent redefinition of the kelvin.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0014825

I. INTRODUCTION

Is luminescence thermometry a mature technology? This
question is not easy to answer. The technique has long been
known, having been introduced as early as the 1930s,* and many
of its modern adaptations were envisaged by some of the earliest

the widespread use of the method among non-experts and profes-
sionals has not been seen, even when its potential for the better-
ment of many measurements is obvious. These reasons explain
why luminescence thermometry is not yet a mature discipline. In
his fascinating paper on the history of luminescence thermometry,

researchers in the field.”* Nonetheless, the number of related publi-
cations and citations has increased almost exponentially with time,”
and the number of published patents follows a similar trend. A
recent Google search for patents using the terms “luminescence
thermometry” and “phosphor thermometry” retrieved over 2800
results. Furthermore, these results typically are not incremental
advancements. On the contrary, each year, we are witnessing new
breakthrough advances in luminescence thermometry, in diverse
scientific and technological fields. Moreover, in the last few years,
two thematic books have appeared®” and the first thematic confer-
ence was held in Scotland in 2018 (The Inaugural International
Conference on Phosphor Thermometry—ICPT 2018). However,

Allison” describes three eras in the development of the technique.
At the present time, in my opinion, the field of luminescence ther-
mometry is entering a fourth era, the era of maturity. To that end,
further developments of the technique should be aimed at remov-
ing, or at least alleviating, inherent methodological problems and
faults, to facilitate its widespread use.

Temperature measurement devices are abound. Again, a
simple web search for commercial products using the term “tem-
perature sensor” gives almost 1000 different possibilities, as stated
by Talghader et al® in their review article on thermal history
sensors. Why, then, should we invest resources and effort into
advancing luminescence thermometry? The answer to this question
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is simple. Luminescence thermometry succeeds in environments
where many other, if not all the existing, thermometry techniques
fail. These environments include some that are of immense impor-
tance in nanotechnology, biomedicine, and optoelectronics. In bio-
medicine, for example, there is a strong need for precise temperature
measurements at the intra- and inter-cellular levels. In addition,
luminescence thermometry can be easily adapted to aid theranostics
and nanotheranostics, since luminescence probes are inherently
polyvalent materials. Besides thermometry, luminescence probes can
be used for luminescence bioimaging, and many of them may also
facilitate magnetic resonance imaging and x-ray computed tomogra-
phy.” In addition, it has been demonstrated that up-converted light
emitted by specially tailored nanoparticles can be used to trigger
drug-release."’™"* There are only a few thermometry methods with
spatial resolutions of <1 um, with luminescence thermometry being
one of them. Hence, the well-known historic Richard Feynman
speech title on the emerging field of nanoscience, “There’s plenty of
room at the bottom,” is appropriate as a description of the need for
nanoscale thermometry methods. Today, we are able to routinely
produce luminescent particles and structures of merely a few tens of
atoms in size. These can be used not only to measure temperature
but also to answer fundamental questions regarding the continuum
and thermodynamic equilibrium at the nanoscale.

Being essentially a semi-contact method, luminescence ther-
mometry can be used in environments that other methods cannot
access. It can be exploited over a wide temperature range, having
potential applications in cryogenic environments and in extremely
high temperature settings, and it is usually possible to operate lumi-
nescence thermometry probes in harsh environments. Many engi-
neering applications, such as flow temperature measurements or
temperature measurements at engine surfaces, have benefited by
using the method. Since the redefinition of the kelvin in 2018,
primary thermometry has gained an additional significance at high
(>1300 K) and low temperatures (around 1K), because traceability
may be directly linked to the redefined kelvin, instead of, as for-
merly, to a defined scale. Primary thermometry presents significant
advantages over defined temperature scales in these temperature
regions, whether owing to lower uncertainty or simply because of
the ease of access to reliable thermometry.'” Thus, the opportunity
has arisen for the development and application of primary lumines-
cence thermometry, especially at very high and low temperatures.

The scientific background of luminescence thermometry is
well-established as it is mainly derived from existing extensive
knowledge from the fields of luminescence and materials sciences.
It is known that different applications require different approaches
and probes in luminescence thermometry. However, the complex
and interdisciplinary nature of many contemporary applications
requires further acquisition of background scientific expertise and
knowledge, which may be very demanding and far from trivial. In
biomedicine, for example, the science behind in vivo measurements
should include knowledge of real interactions between lumines-
cence probes and biological constituents. In addition, in the same
application field, there are serious concerns about the health and
environmental impacts of materials used in luminescence tempera-
ture sensing and imaging, which have only been superficially con-
sidered so far. The long-term evolution of the properties of these
probes also deserves further consideration. The widespread use of
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the method will only become a reality when these concerns have
been properly addressed. Similar reasoning applies to all the
various possible application fields, though each may face specific
individual challenges.

This perspective follows the recent publication of reviews
and books”” that comprehensively cover the techniques of tempera-
ture measurements via luminescence, materials used to prepare
luminescence probes, and luminescence thermometry applications.
For this reason, here, the aim is to outline recent trends in the devel-
opment of the field, highlight innovative approaches in temperature
read-out and probe materials, and point out novel and prospective
applications. Note that the intention is not to provide a complete
description of all the recent findings and developments but to
discuss some recent results as indicators of the paths taken within
the field of luminescence thermometry. Many parts of the text
reflect the author’s personal opinions and perspectives on the
matters under discussion. The reporting of these opinions stems
from the desire to help articulate current thinking, both about the
goals to which this field should aspire in the forthcoming years—of
which the overarching aim should be, in my opinion, to become a
mature widespread technology—and regarding the strategy for
achieving them.

5,14-35

Il. TEMPERATURE READINGS FROM LUMINESCENCE

There are many ways to determine a temperature (temperature
readouts) from luminescence, depending on the application.
Likewise, many different materials can be used to construct a lumi-
nescence thermometry probe. The choice is mainly made according
to the required working environment (e.g., bio-medical, nanoscale,
or high-temperature engineering), operating temperature range,
precision, thermometer complexity, and cost. But, in each case, the
core of the luminescence thermometry application is a measure-
ment. The objective of a measurement is to determine the value of
the measurand, that is, the value of the particular quantity to be
measured. In the case of thermometry, the measurand is the ther-
modynamic temperature, 7. A measurement begins with an appro-
priate specification of the measurand, the method of measurement,
and the measurement procedure.’® Luminescence thermometry
does not provide the value of the temperature directly; instead, it
provides an indication (Q), which could be, for example, a ratio of
emission intensities, luminescence lifetime, or a band shift. To be
able to assess the quality of a measurement and to compare differ-
ent types of measurements, one must determine the parameters
which quantify measurement performance (figures of merit). The
most important of these are the measurement range, absolute and
relative sensitivities, temperature resolution, temporal resolution,
spatial resolution, and the repeatability and reproducibility of the
measurements. (The definitions of each of these parameters are
given in Table 1) The difference between the smallest and the
largest temperature that can be reliably measured by a thermometer
determines its dynamic range (measurement range). The absolute
sensitivity (S,) of a thermometer is defined as a quotient of the
change in an indication and the change in the temperature value,
and it is expressed in terms of the indication unit per kelvin. The
relative sensitivity (S,) is defined as the ratio of the absolute sensi-
tivity and the indication value. The temperature resolution (8T) is
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TABLE 1. Definitions of luminescence figures of merit, where Q is the indication
(e.g., intensity ratio, lifetime, line-shift value), Q is the mean of individual observa-
tions Q;, o is the standard deviation of the measurements, and o, is the relative
standard deviation of the measurements.

Thermometric parameter Mathematical definition

Absolute sensitivity, S, S, = |3—g‘
Relative sensitivity, S, S = é X ‘di—? x 100%
Temperature resolution, 5T oT=¢= ‘S’—:
Spatial resolution, 6Xyin OXmin = %
Temporal resolution, &fm;, Otmin = \dgi/qu
Repeatability, R R=1- w

the smallest change in a temperature that causes a perceptible
change in the indication. The spatial resolution (0xmin) of a mea-
suring system is defined as the minimum distance between the
points of a measurement that can be resolved under the tempera-
ture resolution of the system, while the temporal resolution (8tmin)
is the minimum period of time between measurements capable of
resolving a temperature higher than the temperature resolution.

The repeatability is the measurement precision achieved
during replicate measurements over a short period of time, under a
repeatability measurement condition that comprises the same mea-
surement procedure, measuring system, operator, operating condi-
tions, and location; this, in fact, is the ability of the thermometer to
provide the same result. Similarly, the reproducibility is the mea-
surement precision under a reproducibility measurement condition
that includes repeated measurements at distinct locations, using dif-
ferent measuring systems and operators. Both repeatability and
reproducibility may be expressed quantitatively in terms of the dis-
persion characteristics of the results.”

Contrary to the situation in the earlier stages of luminescence
thermometry development, recent papers generally report all
figures of merit except for reproducibility. This considerably eases
comparison between different luminescence thermometry methods
and probe materials. However, the community should be aware of
the importance of reproducibility in providing confidence in
research results.”” Even though such work may be challenging, in
future, efforts must be made to undertake measurement compari-
son, establishment of consensus values, the optimization of refer-
ence material selection, and the determination of confidence limits,
in order to advance the practice of luminescence thermometry.

To date, many different principles of temperature measure-
ment from luminescence, so-called temperature readouts, have
been demonstrated. Since practically all luminescence features are
temperature-dependent to some extent, the inventive combination
of these features may lead to new T-readouts, such as the recently
reported dual-excited single-band and time-resolved single-band
ratiometric readouts which will be discussed in more detail later in
this section. Depending on the temporal nature of the observed
luminescence phenomena, temperature readouts can be realized in
steady-state, time-resolved, and frequency-domain measurement
configurations. They differ in the complexity of the components
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needed for their realization (here, the term complexity also com-
prises the cost of instrumentation), their sensitivity to external dis-
turbance, processing time, precision, and whether or not they
require an external temperature reference element; read-out
methods that do not require an external temperature reference are
termed self-referencing. Table II presents a comparison of the
typical characteristics of frequently used temperature readouts from
luminescence.

Considering the number of papers published over the last two
decades, spectral-shape-based thermometry realized by measure-
ments of the luminescence intensity ratio (LIR) between two emis-
sion bands (ratiometric temperature readout) is the most popular
choice for luminescence thermometry. This method is of para-
mount importance since it is self-referencing and hence problems
caused by changes in measurement conditions are circumvented by
relying on measurements of the ratios of absolute intensities.
Compared to lifetime-based temperature readouts, which are also a
very popular method, LIR T-readout is faster, simpler, requires less
sophisticated instrumentation, and can be easily adapted for the
thermal imaging. LIR can be monitored from luminescent probes
containing one and two or more luminescence centers. LIR probes
with a single emission center are usually lanthanide-ion-activated
phosphors, and, in recent times, transition-metal-ion-activated
phosphors, in which the ratio of emission intensities from two
adjacent and thermally coupled excited states is utilized as a
measure of temperature (Fig. 1).

The method is commonly termed Boltzmann-type LIR since
thermally coupled excited states share are populated according to
the Boltzmann distribution, and hence the ratio of emission inten-
sities from these states can be presented with a simple equation,

Iy —AE
LIR—IL—BXeXp( kT)’ (1)

where Iy is the intensity of the emission from the higher-energy
excited state, I, is the intensity of the emission from the lower-
energy excited state, AE is the energy difference between the ther-
malized excited states, and k is the Boltzmann constant
(k=0.695cm™' K™"); in addition, B = vuAugu/viALg,, where A is
the radiative transition probability, v is the emission barycenter fre-
quency (or energy), and g=2]+1 is the level degeneracy. In this
case, the relative sensitivity of LIR is a continuously decreasing
function of temperature, and its value depends only on the energy
difference between the thermalized excited states—the larger the
difference, the larger the relative sensitivity,

1 XdLIR
T |LIR T dT

S % 100% = 2E + 100% 2)
R b = e 0.

The largest energy gap between adjacent Ln>* excited states is in the
Eu®* ion (between °D; and °Dy) and is approximately 1750 cm™,
meaning that the relative sensitivity varies with temperature as
251800/T% (% K™') and that the maximum achievable theoretical
relative sensitivity of the technique is approximately 2.8% K" at
300K for various hosts. Energy gaps of ~1000 cm™" in Dy** (*;5/,

and 4F9/2), Sl’l’l?,Jr (4F3/2 and 4(;5/2), and Nd?,Jr (4F5/2 and 4F3/2)
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TABLE II. A comparison of different temperature readouts from luminescence.

Instrumental setup ~ Sensitivity to  Processing

Readout Temporal character ~ Self-referencing complexity disturbance time Precision
Emission intensity Steady-state No Low High Short Moderate
Band position Steady-state No Low None Short Very high
Bandwidth Steady-state No Low None Short High

Spectral shape (LIR) Steady-state Yes Low Low Short Moderate
Dual-excited single emission band Steady-state Yes Low Moderate Moderate ~ Moderate
Emission decay time Time-resolved Yes Moderate Low Moderate  Very high
Emission rise time Time-resolved Yes Moderate Low High Very high
Phase angle Frequency-domain Yes Moderate Low Moderate  Very high
Time-resolved single emission Time-resolved No High Moderate Moderate ~ Moderate
Polarization Steady-state Yes High Low Short High

Polarization lifetime Time-resolved Yes High Low Moderate High

provide relative sensitivities of 1.60% K at 300K, while smaller ratio of emission intensities for the *T, — *A, and *E — *A, transi-
values of 1.25 and 0.93% K' at 300K are achieved with Er’* tions of Mn*" and Cr’* have been examined with a view to their
(AE =780 cm™", between “H,;,, and *S;/,) and Pr’* (AE =580 cm™" use in thermometry.3 %! Their temperature sensitivities are similar

between *P; and Py), respectively.”'* In the last couple of years, the to those of Ln’*, but the deep-red and NIR emissions of these phos-
phors make them attractive for many applications and for especially
biomedical uses.

3 3 3
Dy>* Er** Sm’** Nd** sm*
“q i “G 4 4654 A. The intensity ratio of the emissions from a pair of
1172 72 712 ® 2 H' excited levels with a large energy difference

Higher values of relative sensitivity for LIR can be achieved by
utilizing a lanthanide emission from an excited state of higher
Ve .1 Fu e 5D, energy than the first thermally coupled state, because of the larger

® H energy difference, AE' > AE (see Fig. 1). It is necessary, however,

1 that a thermal equilibrium exists between these states. This

AE AE' approach is feasible, for example, ig Dy3.+—activated phosphors,
where a temperature-dependent intensity ratio between the 480-nm
4F9/2 453 " I ‘G s/ 4F3 " I 5D0 emission from *F,, excited state and the deep-blue 430-nm emis-
{ ] L sion from the *Gyy), state, rather than the blue 458-nm emission

from the “I;5, state, may be used (the states are indicated in

Fig. 1). The energy difference between G112 and *Foy, is approxi-

mately 2400 cm™', which provides a relative LIR sensitivity of

3.84% K~!, a much higher value than in the conventional LIR uti-

lizing emissions from the 1,5/» and *Fyy, states, as recently demon-

LIR LIR' strated by Li et al’® using Dy** activated CaWQ, powders. I3n
addition to the much exploited green and red emissions, an Er *
\/ \ 4 \/ \ G ion also provides a weak blue emission from the “Fepp = Lisn

GH 15 4| 152 6H . 4|9/2 7F0 (ﬁ450 nm),ﬁ:Pyz d 4111/2 (2/470 nm), and 4F7/2 - 4115/2 (z490 nm)
transitions.”” The intensity ratio between emissions originating

from the *Fy;, — *Lis;, (2490 nm) and *Ss, — *Iys;, (=550 nm)
transitions is more sensitive to temperature changes than the con-

. . .. .. . 2 4
approach, utilizing emissions resulting from transitions from two adjacent excited ventional ratio E:f emlsilons orlglpgtlng44f_rgm the ) Hiip = Tisp
levels (H and L), separated by the energy difference of AE, to the ground level (=530 nm) allfll S32 = "lispa transmonsf (see Fig. 1),4and can
(G). LIR" indicates an approach in which an emission from a higher-energy reach 3.6% K™ at 300K, as the energy difference between “F;, and

excited level (H') is used, where AE" denotes the energy difference between %S5/, is approximately 2260 cm™'. Despite the greater sensitivity,
the emitting levels. LIR’ is more sensitive to temperature changes than LIR the ratio between the emissions from 41:7/2 and 433/2 has been
. g . ; X

e ?f > AE. Ttt;ettermsbof se\llgzaldt][lvalljgt |a2tr£?£|/de and.ﬁdwalent ?hm shown to provide about half the measurement resolution with
ions with emissions that may be exploited for LIR an are written near the respect to that given by the 2H,,,, and %S, ratio, 0.7 K vs 0.3 K.**

lines representing the energy levels.
B J L An additional possibility is the LIR between Er’* emissions from

L |1, e |1,

FIG. 1. lllustration of the emissions and energy levels involved in a lumines-
cence intensity ratio (LIR) temperature readout. LIR is the conventional
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the 2Go), and *Hy,, states that are separated by AE ~ 2700 cm™Y

however, these emissions may be very weak. Energy differences
between excited states larger than 2000 cm™, suitable for achieving
a high relative measurement sensitivity, can be also found in Sm>*
(*Gy, and “Gs), states) and Nd** (*F,,, and “F;, states), as shown
in Fig. 1. Highly sensitive temperature readings using Nd** acti-
vated nanoparticles are favorable for biothermal imaging.**’
However, the higher relative sensitivity does not necessarily provide
an overall benefit for temperature sensing from luminescence.
Emissions from the high-energy excited states usually have lower
intensities than those from the lower ones, so the uncertainty in
measurements may be higher, which reduces temperature resolu-
tion, as was the case for the Dy’" activated CaWQ, powders."
Thermalization between f and d excited states in divalent lantha-
nide ion luminescence centers facilitates luminescence thermome-
try with a high relative sensitivity."” For example, the energy
difference between 4f°5d' and °D, (4f%) states in Sm2+—doped
SrB4O;, is relatively high (about 4000 cm™) (Fig. 1), which provides
a relative sensitivity for LIR using the d- and f-emissions of about
6.4% K' at 300 K. Thermal coupling between these excited levels
is possible due to strong electron-phonon coupling.

B. Dual-excited single-band ratiometric luminescence
thermometry

LIR T-readouts have been recently extended to monitor the
ratio of two intensities of emission, Irx; and Igx,, corresponding to
the same upper state being excited by two different energies in suc-
cession.”’ This method is called dual-excited single-band ratiometric
thermometry (LIRGg), and it is schematically depicted in Fig. 2.

When the excitation energies correspond to Ln** ground and
adjacent excited states, such as the Eu®>* “F, levels, the temperature
dependence of this LIRgg follows the Boltzmann equation, just as
in traditional LIR,

I —AE,
LIRGE = % = BGE X eXp< kTGE> 5 (3)
1

because of the thermal equilibrium between excitation levels sepa-
rated by the energy difference AEgg. This approach has a few
obvious advantages over the traditional two-emission LIR. The pre-
exponential factor Bgg and AEgg can both be straightforwardly
obtained from the single measured emission spectrum. Bgg is the
ratio of the integral of the emissions for the transition ending at the
EX1 and EX2 states and AEgg is determined as the energy difference
between the barycenters of these emissions. Thus, there is no need
to calibrate LIRGg using an independent measurement of the tem-
perature, in contrast to the conventional LIR, for which a new cali-
bration procedure is required whenever the thermometer is operated
in a different medium.”’ Furthermore, among all the possible lumi-
nescence thermometry read-out methods, LIRGg requires the sim-
plest sensor construction to monitor temperature.’’ Finally, the
energy difference AEgg can be large—for example, ~2230cm™"
between the Sm>” states °Hy,, and *Hs),, ~1860 cm™" between Nd**
M1, and *Lo, ~2060cm™ between Tb** “Fs and “Fg and
~2160 cm™" between Pr’* *Hy and *H,—and this results in a high-
sensitivity T-readout. As illustrations of possible excitation
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A A * *— EM
v IEX1 V IEX2
LIRge
® EX2
AE .
—0 EX1

FIG. 2. Schematic representation of the principle of dual-excited single-band
ratiometric luminescence thermometry, LIRge. The method is based on the ratio
of the intensities of two emissions, lex and [exo, from the same emitting level
(EM) to two different lower energy levels, measured in response to successive
excitations from EX1 and EX2. The required condition is that a thermal equilib-
rium exists between EX1 and EX2, which are separated by the energy differ-
ence of AEge. The intensity ratio of LIRge follows the same temperature
dependence as that of the conventional LIR.

combinations for this T-read-out method, energies of the ground
level and adjacent excited levels for Eu®*, Nd**, Sm®", Tb*", and Pr’**
in Y,0; (in C, sites)’>”’ are given in Table II. Recently, Trejgis
et al.”* have demonstrated this type of luminescence thermometry,
measuring a relative sensitivity of 2.95% K™' at room temperature
using Nd*"-activated oxyfluorotellurite glass. The major drawbacks
of this approach in luminescence thermometry are the necessity of
measurement correction due to the bandwidth change with tem-
perature as shown by Zhou et al” and the need for constant
switching between excitations. In addition, one should consider
absorptions from trivalent ions located at multiple sites, for
example, at Sq sites in rare earth sesquioxides. These absorptions,
even having very small intensities, may cause the deviation in the
LIR from the theoretical value [Eq. (3)].

C. Time-resolved single-band ratiometric
luminescence thermometry

LIR methodology can be further advanced if performed with
time-resolved measurements. The ratio of emission intensities for the
same emission band taken at the different time-delays after excitation
[“time-resolved single-band ratiometric luminescence thermometry
(TSBR)”] has been demonstrated by Qiu et al.”® In this work, hybrid
upconversion nanoclusters (UCL-NCs) comprised of PbS quantum
dots (3.5nm in size) and NaYbF,0.5%Tm@NaYF,:10%
Yb@NaYF,:50%Nd (12 nm in size) were used to provide a short-
lifetime emission centered at 814 nm and a long lifetime emission
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TABLE Ill. Energies of the ground state and low-lying excited states of Eu®", Sm®", Nd*, Tb*, and Pr*" in Y,05 (C, sites).”*>

Eu’* Sm>* Nd** Tb** Pr*

Energy Energy Energy Energy Energy
State 2S”L, (em™) State 25“L, (cm™) State Zs“L] (cm™) State 2S“L, (cm™) State 2S*IL, (em™)
"Fo 129 °H,,, 329 Tosa 314 "F 466 H, 650
’F, 491 °H,), 1336 T 2171 "Fs 2524 *H, 2716
ZFZ 1185 :HQ/2 2560 PPN 4133 le 3794 *H, 4851

F, 2017 Hi1 3867 Liss 6160 F, 4749

F, 3005 *Hyss 5255

centered at 804 nm, respectively. Upon 865-nm excitation, the ratio of
the 810-nm emission intensity acquired after different time delays
revealed a relative sensitivity of up to 5.6% K" and a thermal resolu-
tion of 0.5K at 45 °C. Since both excitation and emission fall in the
spectral region of the first biological window, the hybrid nanoprobe is
suitable for use in biothermal imaging, as demonstrated by the
authors using pork tissue slices of different thicknesses to simulate
the rise in temperature of the nanoprobe in biological tissue. In the

(a) (b)

uojadULg

same study, the authors also performed in vivo thermal mapping of
tumors in mice (Fig. 3). The breakthrough of this temperature
readout is its insensitivity to tissue absorption and scattering. These
two factors can considerably affect readouts based on the intensity
ratio of emissions centered at different wavelengths since the magni-
tudes of both absorption and scattering vary with the light wave-
length, and these variations can also vary between the same tissue
type for different individuals (in-group variation).
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D. Highly sensitive dual-activated ratiometric intensity
measurements

Regarding dual-activated luminescence temperature probes, in

recent times, high-sensitivity LIR temperature readouts have been
sought among different combinations of lanthanide (Ln) and transi-
tion metal (TM) ion emissions. These ions may be co-doped into a
single host material or separated in different hosts comprising a
binary mixture. Ln/TM-based LIR usually utilizes Ln ions for
temperature-independent or slow-changing emission and TM ions
for rapidly quenched emissions. Some recent examples include
probes based on a Ho’':Y,03 + Mn*":Mg,TiO, binary mixture,”’
Dy’*,Mn*":BaLaMgNbQg,”* Er**,Ni*":SrTiO;,”” Nd**,Cr’*:GdsAls_,.
Ga O;5," Ce*",Mn*"Lu;ALsOy,,"" Eu**,Mn*":Y;A1;0,,,” and Eu’":
GdVO, + Cr**:Al O, hybrid particles.”” The high sensitivity of these
probes is a result of the strong T-quenching of the TM emission.
Highly T-sensitive LIR probes can be constructed using this
approach, taking advantage of the emissions of two lanthanide ions
such as those in Nd*%Eu*":YVO,” Ce** Tb*":YBO,” Ho™": (b)
Y,0; + Er’*:Y,0; and Ho*":Y,0;+ Nd**:Y,0; binary mixtures.” Eu*: 5d—> 4f
Kolesnikov et al®* obtained higher relative thermal sensitivity by
using a Eu’*,Nd** co-doped YVO, probe and better thermal resolu-
tion by using the Eu**:YVO, + Nd**:YVO, binary mixture. The list
of possible combinations of activator ions is long, and each combina-
tion can provide specific values for a thermometry measurement in
terms of the spectral positions of the utilized emissions, achieved
sensitivity, and resolution in different temperature ranges, etc. An
example of such ingenuity in the optimization of dual-activated
luminescence probes can be found in a paper by Pan et al®” They
prepared Eu**,Eu*":Sc,0; nanoparticles via a thermal decomposition 350 400 450 500 550 600 650 280 4@
method using oleylamine as a solvent and a surfactant [Fig. 4(a)].

Oleylamine, however, also reduced the proportion of Eu®* to Wavelength (nm)

Eu®" ions, which had the effect of the nanoparticles exhibiting both
characteristic Eu** d-f and Eu®* f-f emissions, the former changing
dramatically in intensity with temperature and the latter serving as
a reference [Fig. 4(b)]. The strong temperature sensitivity of the 280°C 290°C 300°C 310°C 320°C  330°C
Eu®*/Eu’" LIR (3.06% K" at 267 K) is easily distinguished by the
naked eye from the temperature-induced color variations observed
under 254-nm excitation [Fig. 4(c)].

The use of the host emission as the reference in LIR is another
option when developing highly sensitive LIR probes. This can be
accomplished by doping a TM metal into a semiconductor quantum
dot (QD) and using the LIR of the TM and QD emissions. Examples
of this type of probe include Mn**-doped ZnS QDs, presented in the
paper by Wang et al.,”* and Mn*"-doped perovskite CsPbCl; QDs."”
Similarly, the use of defect host emissions as the reference is also
possible, and Eu*- and Sm>*-doped anatase TiO, nanoparti-
des,””" Dy*"-activated Gd,Ti,0,"> Eu’*-activated SrZrO,;,”” and

FIG. 4. Eu”" Eu®":Sc,0; luminescence thermometry nanoprobes. (a)
Schematic of the operational principle. (b) Eu*" d—f emission intensity strongly

Mn*"-activated Zn,SiO,"' have all been demonstrated as such. changes with temperature, while Eu** f-f emission intensity shows a slow
However, one should keep in mind that the reproducible preparation change. (c) Temperature-induced variation of nanoparticle color observed under
of probes having identical defect emission intensities is a difficult task. 254-nm excitation. Reproduced with permission from Pan et al., Adv. Mater. 30,

1705256 (2018). Copyright 2018 John Wiley & Sons.

E. Temperature readouts from the positions and

bandwidths of emission bands that temperature-induced band shifts and bandwidth broadenings

The usability of the temperature dependences of emission and are too small to provide precise temperature measurements.
excitation band positions and bandwidths for luminescence ther- However, such assumptions were based on early findings in
mometry has long been a subject of debate. It had been thought lanthanide-activated phosphors, including the very small T-induced
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shift of the Eu** D, — “F, emission band in Y,0,S”” and the Nd**
“F3/, > *lo» emission band in LaFs,”® as well as an only 50-cm™"
bandwidth increase over a 630-K range for the Eu’":Y,0; *Dy = 'F,
emission band.”” Somewhat larger T-induced band shifts and broad-
enings have been observed for semiconductor quantum dots, for
example, in CdTe QDs’® and CdSe QDs coated with ZnS,”” respec-
tively, and in ZnO:Zn and 7Zn0:Ga.”’ However, recent studies”' ™
have shown that Ln- and TM-activated phosphors may present band
shifts and band broadenings with adequate T-sensitivities, and hence
their applicability for temperature sensing ought to be reconsidered,
especially in light of the fact that the uncertainties in spectral mea-
surements are quite low compared to, for example, uncertainties in
intensity measurements. Ciri¢ et al.®' have measured and analyzed
T-dependent band shifts and band broadenings in Eu’*- and
Dy’*-activated YVO,. They found high relative sensitivities (>1% K™
in the physiological range of temperatures—300-350 K) for the Eu**
*Dy - 'F, and Dy3+ *Fy), — ®Hjs, band positions. Kolesnikov et al®
have shown that the Nd**(2.4 at. %):YVO, “Fs/, — “Iy, band shift has
a temperature sensitivity of 0.75% K™', while Marciniak et al.*’ found
relative sensitivities of 0.32 and 0.46% K" for the band shifts in
Nd**-activated LiLaP,O,, and LiNdP,O,,, respectively. Finally, in a
very recent paper, Amarasinghe and Rabuffetti’* showed a blueshift
of 25% K™ for the red emission band maximum (‘T,— *A,) in
Mn*":Na,Mg(WO,); at 300 K.

6

F. Luminescence thermometry in the time and
frequency domains

Time-integrated measurements, such as LIR and emission and
excitation band shifts and broadenings, do not comprise all the infor-
mation imparted by luminescence since they are merely an average of
time-resolved phenomena. The decay or rise of emission intensity vs
time, in the time-domain, and phase angles between harmonic excita-
tion and emission, in the frequency domain, also show strong tem-
perature dependences, and, thus, these can be used to determine
temperature. Temperature readouts from excited-state lifetimes are
very popular, owing to the fact that such measurements are self-
referencing; lifetime values are not affected by the concentration and
distribution of a probe material, nor are they influenced by fluctua-
tions in excitation power, requiring the measurement of only one
emission band. However, this method imposes strong limitations on
the operational range of the thermometer, depending on the type of
luminescence probe. For example, lanthanide-activated phosphors
show negligible or very small lifetime changes at low and room tem-
peratures, so they are suitable only for high-temperature applica-
tions."* The lifetimes of QDs also show small T-induced changes, the
extent of change being notably dependent on QD size.”” The rise
times of emission show significant fluctuations around room temper-
ature,”>*” but these may not be detectable for many probes. The tem-
poral dependence of the emission after pulsed excitation in such

PERSPECTIVE scitation.org/journalljap

88-90
cases can be represented as™

I(t) = A x [exp( — t/7q) — exp(—t/7,)], (4)
where A is a constant, 74 is the emission decay time, and 7, is the
emission rise time.

In the frequency domain, when the excitation is harmonically
modulated, the phase angle (¢) between emission and excitation
exhibits temperature dependences for both the decay and rise
times. For Ln>" upconversion phosphors, Liu et al”’ derived an
equation which relates the phase angle with 74 and 7, using a sim-
plified rate equation model,

1 — 0’147,

VA= rr) + o (ta+ )

)

¢ = arccos

where ®=2nf is an angular frequency (f is the frequency). When
the rise time is neglected (z; = 0), Eq. (5) is reduced to the well-
known equation”’

(6)

¢(1, = 0) = arccos = szﬁ.

The excited-state lifetimes of TM-ion-activated phosphors show
temperature dependences similar to those of Ln>'-activated phos-
phors, but the temperature region in which the lifetime strongly
changes with the temperature is different, usually corresponding to
low and room temperatures. Phosphors activated with Cr’* and Mn**
(both having a 3d’ electron configuration) are of particular impor-
tance for luminescence thermometry since they efficiently emit in the
red or deep-red spectral region, producing broad excitation bands in
the visible spectrum. The temperature can be determined from their
emission in three ways: from the ratio of emission intensities of the
4T, >*A, and ’E - *A, transitions, from the T-induced shift and
broadening of the emission peak, and from the T-dependence of their
relatively long excited-state lifetimes. Regarding the T-dependence of
the lifetimes, Senden et al.”” have shown that the temperature quench-
ing of Mn*" emission occurs by a thermally activated crossover,
through the *T, level, or by thermally activated auto-ionization (in the
case of hosts with small energy bandgaps), both processes being
described by the same expression””

7r(0) tanh(hv/2kT)

(1) = 1 + [7r(0) tanh(hv/2kT)/7nr ]exp( — AE/KT)’

?)

where 7R(0) is the radiative lifetime at T=0K, hv is the average
energy of the phonons coupled to the *E — *A, transition, 1/7xg is
the non-radiative decay rate at high temperatures, and AE is the activa-
tion energy of the process. The absolute and relative sensitivities are”

AE AE A 2AEtR(0)
s sk = O 0w <k_T) y hveXp(k_T)CSCh (Zk_T) T ®)
¢ ) odr 2kT? AE " hv R(0)\?
(exp (k_T) cot (2k_T> + P )
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hve p( )cschz( hv ) + 2AEeR(0)
i AE ) R
_ 1 dT(T) kT 2kT TNR
0, = o —7 % — 9
Sr(T)[% K] ‘T(T) X ar x 100% h 72(0) x 100% . 9

The analysis presented in Ref. 94 shows that the excited-state
lifetimes of Mn**-activated phosphors (the same analysis may be
applied to Cr’*-activated phosphors in which Cr’** is in the
so-called strong crystal-field environment) can be used for sensi-
tive thermometry in different temperature ranges, depending on
the properties of the host material (Fig. 5). Hosts having low
phonon-coupling energies to the °E — *A, transition and low
values of the cross-over energy are favorable for use at low tem-
peratures, while hosts with large phonon-coupling and cross-over
energies can be exploited at high-temperatures. The high non-
radiative rate results, unfavorable for traditional phosphor applica-
tions (LEDs), facilitate luminescence thermometry with a high rel-
ative sensitivity. The choice between Mn** and Cr’* phosphors
may be arbitrary. Generally, excited-state lifetimes of Mn*" phos-
phors are shorter than those of Cr>* phosphor, which means that
the former are favored in applications that require high temporal
resolution (for example, in luminescence thermometry of fluid
flows). However, Cr’" phosphors emit at longer wavelengths, well

2kT?

(s (er)on(aiz) +50)

2kT TNR

inside the first biological window, which suits biomedical and
chemical sensing applications.

1. THEORETICAL MODELING

Progress in luminescence thermometry must be associated with
the development of theoretical models and a careful re-examination
of those currently in use. For example, the Boltzmann-type LIR
method is frequently used and interpreted with the use of Eq. (1)
without prior checks as to whether a Boltzmann equilibrium exists
between the excited levels responsible for the LIR emissions.
Meijerink and his collaborators’”® analyzed the conditions required
for the existence of the Boltzmann equilibrium between two excited
levels and found that these conditions were not met in the experi-
ments presented in many reports. The absence of the Boltzmann
equilibrium leads to a deviation of the T-dependence of the experi-
mental data from that described by Eq. (1). As stated in Ref. 95, the
Boltzmann equilibrium exists only when the equilibration of two

(b) (c) —ix10°[s)
: —— 1x10° [s")
——5,53x10" (s
— 110" [s7)
——1x10" 8] _
1/t
v r . T T T T T T T
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
Temperature [K] Temperature [K]
5
(e) (f)
— 1x10° (s
L
——xI0°(s] T,
——5.53x10" [s7)
— 1x10" [s"]
1x10" [s”
0.0 T T T T 0 —— — T T T T
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
Temperature [K] Temperature [K] Temperature [K]

FIG. 5. Temperature dependence of emission decay time and relative sensitivity of Mn**-activated phosphor for (a) and (d) different values of phonon coupling energy hv,
(b) and (e) different values of the crossover energy AE, and (c) and (f) different values of non-radiative decay rate 1/zyg. Note that lower values of the phonon coupling
and crossover energies increase the relative sensitivity at lower temperatures and that the higher the non-radiative rate, the higher the relative sensitivity. Reproduced with
permission from Drami¢anin et al., ChemistrySelect 4, 7067 (2019). Copyright 2019 John Wiley & Sons.
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thermally coupled states is fast in comparison with other processes
affecting their population, notably, optical feeding and decay chan-
nels to the ground state. Thus, three different temperature behaviors
of LIR of emissions from adjacent Ln excited states may occur, as
illustrated in Fig. 6. The first, in which nonradiative relaxation is
much faster than radiative decay, 1/7ng >> l/7r, for which a
Boltzmann equilibrium exists (left-hand side of Fig. 6). The second,
in which nonradiative and radiative decay rates are similar, 1/7xr =~
1/7r (middle section of Fig. 6), and the third, in which the radiative
decay is faster than the nonradiative decay, 1/7ng < 1/7g (right-
hand side of Fig. 6), do not follow Boltzmann statistics. For larger
energy differences between excited levels AE, the relaxation between
thermally coupled levels becomes slower, so deviations from
Boltzmann equilibria occur more easily. Note that Ln activators with
large AE values are frequently favored for LIR when high measure-
ment sensitivity is needed. Therefore, it is of paramount importance
to check for the existence of a Boltzmann equilibrium when exploit-
ing LIR. The simplest way to do that is to perform time-resolved
measurements and inspect emission decays from two excited levels.
A single exponential decay, identical for emissions from both levels,
is expected if a true Boltzmann equilibrium exists.”” One way to
overcome this problem and ensure a Boltzmann equilibrium is real-
ized is to increase the concentration of Ln activators in the phosphor
probe, which increases the non-radiative relaxation rate.

The use of theoretical modeling may reduce the requirements
for experimental work, as demonstrated by Ciri¢ et al”’ They
showed that Judd-Ofelt intensity parameters derived from the
room-temperature optical spectrum of a Ln>"-activated phosphor
can be used to calculate the thermometric properties of materials,
as an LIR readout, with an error of less than 5%. Moreover, one

Tw  Te

log(LIR)

Boltzmann
regime

1000/T (K"

FIG. 6. Luminescence intensity ratio (LIR) plotted vs 1000/T showing three tem-
perature regimes. In the case of 1/zng < 1/7R, LIR will decrease with tempera-
ture (right-hand side). In the case of 1/zyr ~ 1/zg, there is a local minimum in
the LIR (center). In the case of 1/zyg >> 1/7g, Boltzmann behavior determines
an increase in LIR with T (left-hand side). Adapted from Geitenbeek et al.,
Phys. Rev. Appl. 10, 64006 (2018). Copyright 2018 Author(s), licensed under a
Creative Commons License (CC BY 4.0).
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can use the tabulated Judd-Ofelt intensity parameter values, which
are abundantly available in the literature, to rapidly search for
appropriate materials for sensor probes. Recently, this theoretical
approach was extended to dual-excited single-band ratiometric
thermometry.”' Finally, it is important to mention that there are no
reports on the use of materials informatics and data-driven
approaches in luminescence thermometry research, to the best of
author’s knowledge. Given the immense developments in this field,
it is reasonable to expect that such approaches may provide benefits
in further luminescence thermometry developments.

IV. APPLICATIONS OF LUMINESCENCE THERMOMETRY

Today, luminescence thermometry has many applications in
diverse research fields and environments, including electrical and
mechanical engineering, biomedicine, nanotechnology, and micro-
fluidics; for a comprehensive insight into luminescence thermome-
try applications, the reader may refer to two books™” and the
references therein. However, unsurprisingly, since temperature is
one of the most commonly measured physical quantities and has
effects on every aspect of our daily life, the field of applications of
luminescence thermometry continues to expand. In this section,
some of the novel and critical applications of luminescence ther-
mometry are highlighted.

A. Catalysis

Recognized as one of the key chemical reactions for the
advancement of civilization, catalysis has been extensively
researched and, since the 1950s, has been a component of about
85%-90% industrial chemical processes.”® Catalysis technologies
have had, and continue to have, a strong positive impact on the
preservation of the environment—for example, in atmospheric and
wastewater depollution processing—and are backbones of the
development of green chemistry for sustainable societies and the
transition to carbon-neutral operations. The catalytic technology
for methanol-to-olefins/aromatics/gasoline conversion is a promis-
ing alternative to classical production routes for high-demand
chemicals and intermediates, helping to eliminate reliance on oil,
to point-out just one among the many emerging uses of catalysis
that are highly beneficial for the environment and promotion of
sustainable development.” In catalysis research and applications,
temperature is an essential parameter since it governs the reaction
speed and influences the activation energy. Therefore, accurate
temperature measurements of both the catalyst sample itself, as
well as the reactants and products, are vital for comprehensive
studies of catalytic reactions and processes.'’’ Indeed, there is a
particular requirement for temperature measurements to be per-
formed under working conditions, which can be challenging.
Previously, such measurements have been performed by using a
variety of methods, such as IR thermography, multiple thermocou-
ples, and NMR thermometry (see Ref. 101 and the references
therein). For catalytic applications, however, these thermometry
methods have serious drawbacks, such as low spatial resolution
and complicated data analysis (as in the case of NMR thermome-
try). Recently, the great potential of luminescence thermometry
for in situ temperature measurements during catalytic processes
has been demonstrated in several papers.
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Pfaff et al.'” have demonstrated the use of luminescence ther-
mometry for measurement of the temperature of a catalyst sample
in a flow reactor, for heterogeneous catalysis, and showed that there
was excellent agreement between this temperature and that deter-
mined by IR-thermometry. In this study, a Mg;F,GeO;:Mn*"
red-emitting phosphor was mixed with a magnesium aluminum
silicate hydroxypropyl cellulose (HPC) binder and applied to the
heating element in the reactor. The temperature was derived from
the lifetime of the phosphor emission (excited by 266-nm Nd:YAG
laser radiation), and a single shot accuracy of +2 K was achieved.
Geitenbeek et al.'”’ mixed NaYF,;Yb’*Er** microcrystalline
upconversion particles with a commercial zeolite H-ZSM-5 to
monitor the temperature at different heights in a reactor bed
during a methanol-to-hydrocarbon catalytic reaction. By exploiting
the ratio of the green upconversion emission intensities corre-
sponding to the M52 = 155 and *S5,, — 5, transitions under
980-nm excitation, the authors were able to visualize a front of
increasing temperature migrating down the fixed reactor bed,
which occurs due to the exothermic nature of the catalytic reaction.
A fiber probe, positioned in succession at different heights in the
catalyst bed, was used to both excite and to collect the emission
from the NaYF4:Yb**Er’* particles. The uncertainty in measure-
ment varied from 0.3 K, at the start of the catalytic reaction, to ca.
22K, at later measurement times, due to the lowering of the emis-
sion signal intensity. Hartman et al.'’” used novel catalyst extrudate
sensors that facilitate both luminescence thermometry and

SHINERS

(b) (c)

Luminescence thermometry

\
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shell-isolated ~ nanoparticle-enhanced ~ Raman  spectroscopy
(SHINERS)'**'%* during the catalytic process of direct conversion
of the synthesis gas (a fuel gas mixture consisting of hydrogen and
carbon monoxide) into hydrocarbons. The catalyst extrudate
sensors [Fig. 7(a)] consist of millimeter-sized SiO, extrudates sup-
porting attached quasi-spherical Au@SiO, nanoparticles [Fig. 7(b),
Au diameter ~88 nm; SiO, shell thickness ~2.6 nm], NaYF4:Yb3+,
Er’*@SiO, nanoparticles [Fig. 7(c), NaYFgzYb’',Er’* core
~25.4 nm, SiO, shell thickness ~12.2 nm, Yb>* concentration = 18
mol. % and Er** concentration =2 mol. % Er’*], and the Rh cata-
lyst nanoparticles [Fig. 7(d)]. As for the previous example, the ratio
of green upconversion emission intensities was used to monitor the
temperature during an operando study of the catalytic reaction; a
temperature measurement range extending to 900 K and a standard
deviation of 0.3K (calculated for >50 emission spectra) were
achieved. Luminescence thermometry revealed the presence of a
large offset of 50 K between the set reactor temperature and the cat-
alyst temperature during CO hydrogenation, and a dependence on
the CO/H, gas feed ratio at a constant flow speed resulting in tem-
perature differences of up to 40 K.

B. Thermal history measurements and sensors

Thermal history sensors, also known as off-line thermometers,
are used to provide forensic evidence of the temperatures that they
experience during thermal events of interest. Such temperature

FIG. 7. Schematic illustration of a cata-
lyst extrudate sensor for operando
spectroscopy. (a) The gray SiO, extru-
date carrying Au@SiO, shell-isolated
nanoparticle  (SHINs, gold quasi-
spheres), NaYF,:Yb>" Er*@SiO, tem-
perature sensors (green spheres), and
Rh catalysts (red particles) to simulta-
neously measure temperature and
surface species using luminescence
thermometry and SHINERS. (b)—(d)
Basic principles of SHINERS, NaYF,:
Yb** Er®*  upconversion temperature
sensors, and CO hydrogenation over a
supported metal catalyst. Reproduced
with permission from Hartman et al,
Nat. Catal. 2, 986 (2019). Copyright
2019 Springer Nature.
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recording is important for monitoring the integrity of pharmaceuti-
cal products, ensuring the quality of foods and beverages, and
monitoring the degradation of consumer electronics, batteries, and
even textiles.'”” It is also much needed in high-temperature envi-
ronments for the development and safe use of chemical reactors,
engines, and gas turbines. Furthermore, in some cases, off-line
measurements are the only option to assess the temperature distri-
bution at the location of interest during a thermal event, for
example, in harsh environments, such as during laser annealing or
an explosion.” The same is true for areas that are not physically
accessible, such as the interior of high-temperature solid oxide fuel
cells. In contrast to the abundance of traditional thermometers,
thermal history sensors are rare and mostly still at the research
stage, owing to the stringent requirements for their effective func-
tioning. Such sensors should be based on an irreversible change
of sensor properties with temperature and should be capable of
following rapid temperature changes without damage, measuring
and storing temperature and time in some manner without inter-
nal or external sources of power and free of communication,
which requirements are not very compatible with the thermal
event to be monitored. Temperature-sensitive paints and coatings
(or thermal paints and coatings) are the best known and
exploited thermal history sensors. These paints are made of
metallic compounds (Pb, Co, Mg, etc.), binders, and solvents.
Due to the chemical reactions of the metallic components at ele-
vated temperatures, the paint permanently changes its color, and
this color change indicates the highest temperature to which the
paint was exposed. For thermal coatings, the inclusion of a
binder is avoided to allow the thermal sensor to endure longer in
harsh environments, but, as a result, its application requires
complex deposition techniques. In general, the use of thermal
paints and coatings requires cumbersome interpretation of data,
the toxicity of the metal components in paints is problematic,
color measurements may be compromised by metal fragments or
other environmental components, and the method provides a
temperature resolution that is at best 10 K.'*

Thermographic phosphors in the form of powders, paints,
and coatings, are an alternative to thermal history paints and coat-
ings with exceptional potential, and may provide a solution for
off-line temperature measurements in many, if not all, the above-
mentioned fields. Contrary to “on-line” thermographic phosphors,
whose emission properties must reversibly and reproducibly change
with temperature, thermal history phosphors (TH-phosphors)
should undergo irreversible changes in their emission properties
with temperature change; the emission properties being any of
those already mentioned that are exploited in luminescence ther-
mometry (changes in emission shape, lifetime, etc.). So far, four
processes that can promote thermally driven permanent changes in
the luminescence of a phosphor during its exposure to elevated
temperatures have been identified: (i) amorphous-to-crystalline
transitions, i.e., the crystallization of the phosphor, (ii) phase-
change processes, (iii) diffusion of ions into the host material,
usually emission killer center ions, and (iv) the oxidation of dopant
activator ions, for example, the oxidation of Eu®** to Eu’".
Compared to color measurements, luminescence measurements are
unaffected by ambient conditions, the presence of metal fragments
and environmental artifacts, and can provide considerably higher
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temperature and spatial resolutions. For off-line measurements,
temporal resolution is not of particular importance.

Rabhiou'”” prepared amorphous Y,SiOs:Tb phosphor via a
solgel technique. It was shown that upon heating, the crystalliza-
tion of the phosphor resulted in a monotonic increase in the
Tb** excited-state lifetime. A thermal history phosphor paint was
prepared from the amorphous Y,SiOs:Tb phosphor and a com-
mercial binder, applied to a 180-mm stainless-steel disk, and then
exposed to heating for a period of 40 min using a propane torch
[Fig. 8(a)]. During the heat exposure, the temperature of the
upper surface of the disk was measured using thermocouples in
contact with the surface; excellent agreement between the temper-
atures obtained from the emission decays and the thermocouples
was demonstrated, as shown in Fig. 8(b).""”'"® Copin et al'"”
have shown that temperature-induced crystallization of solgel-
prepared erbium-activated yttria-stabilized zirconia powder (YSZ:
Er’") enables thermal history reading on account of large
increases in the emission intensity and decay time over the 1223-
1423 K and 1173-1373 K ranges, respectively. Estimated theoreti-
cal resolutions for these off-line measurements are between 0.3
and 1K for the intensity and between 6 and 2K for the decay
time readouts—much higher than that achievable using thermal
paints in the same temperature range. The different mechanisms
causing irreversible changes in the phosphor emission, i.e., the
thermally activated oxidation of activator ions, have been investi-
gated by Rabhiou et al''’ They showed that the oxidation of
valence ions in the +2 state in BaMgAlen:EuZ*, BaMgAl; (0,
Eu®",Mn**, and SrAl;4,O,5:Eu”" can be used for emission-intensity
ratio based thermal history recording over the 600-1300 °C range.
In addition, because annealing phosphor powders in an Ar atmo-
sphere at 1400 °C reduces the activator ions to their initial valence
state, these sensors may be reusable.' !

C. Measurement and sensing of physical properties
other than temperature

Over the years, luminescence thermometry has been success-
fully used to substitute or complement measurement techniques for
the sensing and measurement of various important physical prop-
erties or processes other than temperature. For example, the use of
luminescence thermometry for temperature measurements in gas
and liquid flows has been demonstrated and is still being exten-
sively researched, as recently reviewed by Abram et al”” Future
developments, as suggested in that review, may be concerned with
three-dimensional “tomographic” temperature and velocity mea-
surements, and the identification and/or production of more suit-
able phosphor particles, having near-spherical shapes, narrow size
distributions, and higher brightness, to improve measurement accu-
racy. Considering the immense importance of controlling and mea-
suring temperatures in microfluidic devices,” exploration of the
possibilities for luminescence thermometry in this application field
continues. The ideal temperature measurement technique for a
microfluidic device should possess the following characteristics: (i)
high spatial and temperature resolutions, (ii) high acquisition rate
(temporal resolution), (iii) non-invasiveness, (iv) inertness in a
solvent, and (v) the thermometer material should be light- and
heat-resistant.''* Luminescence thermometry meets these criteria
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such as optical pyrometry, are infeasible.''*''” The improved

quality and reduced cost of high-speed photodetectors, such as
high-frame-rate CMOS cameras, '® as well as the increased avail-
ability of bright fast-decaying phosphors, should prove beneficial
for future HSPT applications. In addition, new approaches for tem-
perature determination are welcomed, and some, such as the use of
the anti-Stokes luminescence of YAG:Ce®,'"” are actively being
investigated.

Research also continues on the development of luminescence
thermometry for extremely high temperatures, which is important
for modern turbine engines where the temperature limits for lumi-
nescence thermographic materials are tested.''” Recently, Allison
et al'' developed high-temperature luminescence-based fiber
optic thermometry for temperatures up to 1700 °C. The optical
system designed in this study was comprised of a Nd:YAG 355-nm
laser injected into one leg of a flexible bifurcated optical fiber con-
nected to a sapphire light pipe positioned in proximity to YAG:Dy>*

(b) or YAG:Dy’*Er’* crystalline cylindrical probes (Fig. 9). The Dy’*
750 emission was measured after passing through another arm of the
200l bifurcated fiber, a filter, and a lens, by a PMT detector. Temperature

values were determined from the emission decay times, with sensitiv-

T 6500 ities of 1% K™ at 1400°C and 0.9% K~' at 1700°C. At approxi-

‘v 600f mately the same time, Anderson et al.''® demonstrated thermometry

*g 550! based on emission intensity ratios up to 1773K, using a YAG:Dy’*

4 thin film as a phosphor probe, and detecting Dy** luminescence to

§ 000 2033K. Moreover, with this technique, high-speed temperature mea-
450} surements (at rates up to 80 kHz) were shown to be possible under
400} laboratory conditions.

Runowski et al''’ converted a luminescent thermometer
350 (YVO,Yb** Er’") into a remote vacuum sensor. First, they demon-

T 2 3 4 5 6 7 8 9 : .

Position [cm] strated enormous enhancement of light-to-heat conversion and
heating of the YVO4:Yb>",Er’" particles under irradiation by a
975-nm laser in a vacuum, compared to the heating effects

FIG. 8. Evaluation of thermal history using a Y,SiOs:Tb phosphor-based paint. observed under ambient conditions, when air molecules transfer

(a) Stainless-steel disk painted with an amorphous Y,SiOs:Tb phosphor dis-

persed in a commercial binder heated from below for a period of 40 min by a the generated heat to the surroundings and cool the particles
propane torch. (b) Radial temperature distribution obtained using a thermocou- [Fig. 10(a)]. Then, they showed that on account of pressure-tem-
ple compared to the temperature determined from the excited-state lifetime of perature interdependence, pressures can be measured from the

the phosphor at points adjacent to a thermocouple. Reproduced with permission
from Heyes et al., AIP Conf. Proc. 1552, 891 (2013). Copyright 2013 AIP
Publishing LLC.

temperature-induced Er’* emission intensity ratio change (525/
550 nm) [Fig. 10(b)], in the pressure range from 0.07 to 10 mbar;

sensitivities ranging from 500% mbar™' to 1% mbar™' and
since it can combine the high relative thermal sensitivity (>1% excitation
K™ and spatial resolution (<10um) in short acquisition times from laser
(<1 ms). So far, organic dyes have mainly been used for lumines- e
cence thermometry in microfluidic devices. However, dyes suffer - .
from photobleaching, may react With fluids, and have limited mea- sapphire rod bn;xgg?ted optical
surement ranges due to degradation. These drawbacks may be over- It ! q ;

o i ; uorescence from
come by adoptlg% inorganic probes, as Itecently 3ihowp .by \ crystal to detection
Geitenbeek et al.,~ who showed that the ratio of Er’" emission system
. A . . doped YAG crystal
intensities in NaYF, nanoparticles can be used for in situ tempera-
ture mapping with a temperature resolution of 0.34 K and a spatial —
resolution of ca. 1 mm. Further progress is expected in measure-
ments of fast thermal transients by high-speed phosphor thermom- FIG. 9. Schematic of the fiber optic luminescence thermometry probe for emis-
etry (HSPT). Such measurements are needed in internal sion decay time temperature measurements up to 1700 °C using YAG:Dy3+ or

YAG:Dy>"Er* crystal phosphors. Reproduced with permission from Allison

combustion engines, swirl-stabilized gas turbine model combustors, et al, Meas. Sci. Technol. 31, 044001 (2020). Copyright 2019 I0P Publishing.

turbulent flows, etc., where conventional thermometry methods,
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FIG. 10. Measurement of low pressures by luminescence thermometry. (a)
Scheme of 975-nm laser-induced heating of YVO,:Yb* Er®*, at ambient pres-
sure and in a vacuum; under ambient conditions, air molecules transfer the gen-
erated heat to the surroundings and cooldown the sample, whereas, in a
vacuum, intense heating of the sample occurs. (b) Emission spectra of the
YVO,Yb** Er** sample (975-nm laser excitation at an optical power density of
3.5W/mm?), normalized to the intensity of the Sy, — *l45, transition emission,
recorded in the pressure range from ~10° to 1 bar. Adapted with permission
from Runowski et al., Adv. Mater. Technol. 5, 1901091 (2020). Copyright 2020
John Wiley & Sons.

resolutions from 0.1 to 10 mbar, depending on the nominal pres-
sure were recorded. Besides being a highly innovative application,
the importance of this result lies in the fact that it suggests that
luminescence probe heating must be considered for luminescence
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thermometry testing and applications in low-pressure environ-
ments, for example, when performing measurements at low tem-
peratures in vacuum cryostats. Another recent example of
luminescence thermometry for measurements of physical proper-
ties other than temperature was reported by Miandashti et al.,'”’
who used luminescence thermometry to study the photothermal
chirality of Au helicoid nanoparticles. They spin-coated helicoid
nanostructures on an AlGaN:Er’* thin film and used a 532-nm
laser for photothermal and photoluminescence excitation of gold
nanostructures and Er’*. In the course of this experiment, the
optical and photothermal handedness, and an absolute temperature
difference of 6 K between right- and left-circularly polarized light,
were identified.

D. Luminescence thermometry using mobile devices

Recent sensor strategies have foreseen future designs of
compact, lightweight, portable, and low-cost sensor systems.''
Smartphones may become a platform for the construction of next-
generation cost-effective hand-held sensors, due to their portability
and ubiquitous availability (with an estimated more than two
billion users worldwide). Such immense availability provides a
large number of potential subscribers for smartphone-based sensor
systems.'”' Smartphone-based measurements of optical spectra and
emission lifetimes have been already demonstrated in several
papers.'”>'*’ Pan et al.'** demonstrated temperature measurements
by observing changes in the TiO, thin film reflection spectrum
using a smartphone. Zhu'*’ presented a method to record upcon-
version emission decays with a low-cost and miniaturized apparatus
consisting of a smartphone equipped with a 980-nm CW laser and
motor.'”” As well as the basic display by smartphones of methods
for luminescence measurements, several smartphone-based lumi-
nescence sensing applications for consumer goods monitoring have
been published recently. Araque et al.'** published a technique for
the determination of gaseous oxygen concentrations inside packed
foods based on the use of a luminescent membrane sensitive to O,,
optically excited and read by a smartphone. Ramalho et al.'* intro-
duced smart luminescence quick response (QR) codes, which can
be used to store information as well as to sense the temperature in
real time via the acquisition of a photograph using the charge-
coupled device of a smartphone (Fig. 11). Organic-inorganic
hybrids with europium (Eu®*) and terbium (Tb**) ions used in the
preparation of the QR codes provide information on the tempera-
ture to which the QR code is exposed, based on the intensity ratio
of red and green pixels of an image obtained by the smartphone.

E. Toward primary luminescence thermometry

Two important events occurred in the last couple of years: the
redefinition of the kelvin and the appearance of first papers describ-
ing attempts at primary thermometry realization using lumines-
cence. The most radical revision of the International System of
Units (SI) since its inception occurred in 2018. Now, all the SI units
are based on the defined values of seven fundamental constants of
nature.”” The kelvin (K), the SI unit of thermodynamic temperature,
is defined in terms of a fixed numerical value of the Boltzmann
constant k of 1.380 649 x 107>%, when expressed in units of J K™/,
which is equivalent to kg m?s 2K, where the kilogram, meter,
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and second are defined in terms of A, ¢, and Avcs.m’ In this defini-
tion, h is the Planck constant (h=6.62607015x10">*]Js or
kgm?®s™"), ¢ is the speed of light in a vacuum (c=299 792
458 ms™"), and Avg, is the unperturbed ground-state hyperfine
transition frequency of the cesium-133 atom (Avgs=9 192631
770 Hz). In effect, this definition means that one kelvin is equal to
the change in thermodynamic temperature that results in a change
of thermal energy kT by 1.380649 x 107>*]. Since this definition
gives an exact relation between the Boltzmann constant and the SI
units, k=1.380 649 x 10~ kg m?s 2K}, the inversion of this rela-
tion gives an exact expression for the kelvin in terms of the defining
fundamental constants k, i, and Av¢, '

1K — 1.380 649 x 1072 Avesh
= (6626 070 12 x 10 *)(9 192 631 770) k
Avcsh
— 2.266 665 3%. (10)

The redefinition of the kelvin in terms of the Boltzmann cons-
tant has no effect on the temperature values or realization uncer-
tainties of the two currently defined temperature scales (ITS-90
and PLTS-2000)."”” However, with the new definition, primary
realizations of the kelvin can be established at any point of the tem-
perature scale, which is significant for thermometry at low (<20 K)
and high (>1300K) temperatures and opens space for the
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FIG. 11. Temperature sensing and
message decoding using a smartphone
to read the luminescent QR codes.
The thermal dependence of the colors
of the luminescent QR codes is also
illustrated schematically. Adapted from
Ramalho et al., Adv. Sci. 6, 1900950
(2019).  Copyright 2019 Author(s),
licensed under a Creative Commons
License (CC BY 4.0).

development of primary luminescence thermometry for different
environments.

When considering materials and methods for luminescence-
based temperature readouts for the realization of primary thermome-
try, one must strictly adhere to the criteria stated as follows: “For
primary-thermometry methods, a well derived equation of state
describing the relation between thermodynamic temperature and
other independent quantities of the physical system used must exist
that does not contain unknown or significantly temperature depen-
dent parameters.”'*® Certainly, equations of state exist for each lumi-
nescence temperature readout. For example, the variation of the
luminescence lifetime 7 can be represented by the Mott-Seitz model,

7o

D) = O X exp(—ABIRT)’

(11)

where C = 7y/Tngo and it is assumed that the probability of radia-
tive processes is independent of temperature (Agr = const. = 1/7y),
while the probability of nonradiative process has a temperature
dependence described by a Boltzmann factor of the form
ANRr(0) x exp(—AE/kT); Anr(0) = l/7ngo is the non-radiative
transition rate when T — 0 and AE is the activation energy of the
nonradiative process. Typically, the radiative lifetime 7, can be
easily obtained by extrapolating the measured lifetime to absolute
zero temperature, 7(T — 0) = 7y. Then, if 1/tnre and AE are

J. Appl. Phys. 128, 040902 (2020); doi: 10.1063/5.0014825
Published under license by AIP Publishing.

128, 040902-15


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

derived independently from thermometry measurements, and if
they do not show temperature dependence, lifetime-based lumi-
nescence primary thermometry may be achieved, based on the fol-
lowing equation of state:

AE

k x log(T cr T)
> —

A similar approach for obtaining the equation of state can be
performed with other models that describe temperature variations
of luminescence lifetimes, such as those that include multiphonon
relaxation or quenching via charge-transfer band,'* but with more
complex equations and a larger number of parameters that must be
independently derived.

The full width at half maximum (FWHM) of the emission
peak of a lanthanide activated phosphor as a function of tempera-
ture (OE(T)) can be described bym

T(r) = (12)

SE(T) = /8log2(hv)+/S coth(hv/2kT), (13)

using the Huang-Rhys factor (S) and the mean phonon energy
(hv) of the host, which can be calculated independently.m) The
inverse of this function gives the equation of state for the determi-
nation of temperature from the emission peak bandwidth (valid

only for E > hv/8log2 §),

hvik
o (5E2 + 8log 2(hv)28) ’
S6E? — 8log 2(hv)?S

T(6E) = (14)

In semiconductors, emission peak energy variations with tem-
perature are frequently described by the empirical Varshni rela-
. 131
tion

aT

Ey(T) = Eg — T (15)

where Eg is the value of the semiconductor energy bandgap at 0 K,
and o and f are the material constants. Clearly, the equation of
state can be easily derived from the Varshni relation as a solution
of a quadratic equation.

Regarding the luminescence intensity ratio (LIR)
Boltzmann-type temperature readout, the realization of the primary
thermometer may present a considerable challenge, even though
the equation relating LIR and T is very simple [Eq. (1)]. The chal-
lenge arises due to the fact that parameters in Eq. (1) (B and AE)
cannot really be considered to be temperature independent over a
relatively wide temperature range. B incorporates the radiative tran-
sition probabilities and emission barycenter energies of two transi-
tions, which vary with temperature, although weakly. The same
stands for the energy difference between the excited levels, AE. This
problem may be overcome by introducing an approximation for
the temperature dependences. Finally, one should consider that if
the equation of state is based on an approximation of a complex

PERSPECTIVE scitation.org/journalljap

theory, it must at least be possible to estimate the order of magni-
tude of the deviation from theory."””

Recently, several attempts at the realization of primary lumi-
nescence thermometry have been made, and three examples from
among these are highlighted here. Botas et al.'’* showed that the
thermal dependence of the emission peak position of luminescent
silicon nanoparticles may provide primary thermometry over the
13-480 K range. Previously, Thomas et al'’’ observed the
temperature-induced change in the emission wavelength of a CdSe
(ZnS):SiO, thin film nanocomposite (~0.11 nm K™") over the 295-
525K range. In both cases, the Varshni relation was used as an
equation of state. The upconversion emission intensity ratio of
SrF,:Yb**,Er’* powder has been exploited by Balabhadra et al.'** to
propose a primary thermometer for which the need for tempera-
ture calibration is overcome by using the value of the thermometric
parameter in the limit of zero optical pump excitation power.

V. CONCLUSIONS

The last decade has witnessed a nearly exponential growth in
the number of published papers and patents in the field of lumines-
cence thermometry. This reflects extensive work carried out by a
large scientific community and indicates the importance of the
field for current science and technology research and development.
There are still many ways in which luminescence thermometry
might be advanced in the future. The recent reporting of new
temperature-read-out techniques and high-sensitivity probe con-
structions are proof that there is plenty of space for improvements,
even in these basic methodological elements. Likewise, there are yet
many unexplored applications for which luminescence thermome-
try may prove beneficial. However, the adaptation of the method
for novel applications requires further extension of background sci-
entific knowledge, due to the interdisciplinary nature of these
applications, in most cases. The search for more sensitive readouts
and probes should be followed by a detailed evaluation of other
thermometric parameters, the temperature resolution in particular.
But, above all, future development of the method must resolve its
inherent problems and faults, as well as facilitate its widespread use
among experts and professionals. Thus, issues such as the assess-
ment of measurement reproducibility and health and environmen-
tal effects should be resolved so that the scientific and engineering
community as a whole gains the confidence in the method.
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