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1. Luminescence thermometry

The continuous expansion of the sensor market, with particular
emphasis on temperature sensors, is a response to the increasing
demand for the analysis of temperature changes in various scien-
tific fields and industry [1,2]. According to the latest data, it is esti-
mated that the value of the temperature measurement market is
6412.5 Million USD in 2020 [2]. Accurate information about tem-
perature, one of the most important thermodynamic parameters,
enables the diagnosis of medical conditions, as increased tempera-
ture is one of the first symptoms of many types of inflammation
and diseases [3-7]. In industry, temperature regulates the pace
and nature of production processes, and its control enables equip-
ment diagnostics [8-11]. The history of temperature measure-
ments dates back to Il century B.C., when Philo of Byzantium
described an instrument for reading temperature [12]. Even
though many centuries have passed since then, new techniques
for determining temperature are still appearing. In addition to
thermometers that use thermal expansion of solids, liquids, or
gas and thermoelectric phenomena for temperature measurement,
thermometers that perform remote temperature reading are being
developed [13,14]. Remote temperature reading is particularly
important because it is a non-invasive modality that does not dis-
turb the operation of the tested system in real time. This character-
istic is of particular importance in many application areas. Among
thermometers of this type, infrared cameras are the most common.
In this case, real-time 2D temperature imaging is also possible.

These devices use thermal radiation emitted by objects, and by
analysing the intensity of this radiation in the range of 7-14 um,
they provide information about the temperature distributions of
objects in a simple and rapid manner. Unfortunately, a significant
limitation of this technique is the fact that the exact temperature
reading depends on the input parameters in the form of the emis-
sivity of the tested object [13]. and the emissivity is often difficult
to determine or varies over time. Hence, the reliability of the tem-
perature reading is reduced. In addition, most infrared cameras
enable imaging of only the surface of the tested object, as most
objects are not transparent in the spectral range of 7-14 pm
[15]. A relatively new method of remote temperature reading is
luminescence thermometry, which exploits the luminescence vari-
ations of materials due to temperature fluctuations [14,16-21]. In
this technique, the temperature is determined by analysing the
luminescence parameter of the phosphor in physical contact with
the analysed object [14,17,19,22,23]. This contact is ensured by
applying a phosphor layer to the tested object, or, as is the case
in biological applications, by introducing phosphor nanoparticles
into cells or attaching them to specific tissues. After calibration,
it is possible to estimate the temperature of the tested object by
analysing the luminescence parameter. Depending on the type of
luminescence parameter used, luminescence thermometry can be
divided into seven different techniques: a) emission intensity, b)
emission bandshift, c) emission bandwidth d) polarization, e) ratio-
metric intensity, f) emission kinetics, and g) single band ratiomet-
ric approaches (Fig. 1) [23,24]. The advantages and disadvantages

temperature

tow [

I high

A

f C) 1] )\‘excl g)

A

‘,\\\ 7;

f)

Fig. 1.

Different strategies of temperature reading in luminescence thermometry: intensity based LT-a); bandshift based LT-b); bandwidth based LT-c); polarization based LT-

d); ratiometric LT-e); luminescence kinetics based LT-f); single band ratiometric LT-g).

2



L. Marciniak, K. Kniec, K. Elzbieciak-Piecka et al.

300

publication No

100 F

0 -
1970 1980 1990 2000 2010 2020
year

ma

Coordination Chemistry Reviews 469 (2022) 214671

nickel

vanadium i
1% i 1%
0%
nganese
38%

chromium
59%

Fig. 2. Number of publications per year devoted to TM-based luminescence thermometers-a) and the percentage share of works in luminescence thermometry devoted to

individual ions-b).

of these individual techniques have been described in detail previ-
ously [14,16-19,22,23,25]. As they provide the most reliable tem-
perature readout, enable simple measurement, and entail low
equipment cost, the most popular and most often described meth-
ods are ratiometric approaches and a technique that uses the dis-
appearance of luminescence.

As many different types of materials are luminescent, there are
ample choices when selecting materials for luminescence ther-
mometry probes [14,16,22]. Among them, the most common are
organic dyes, luminescent polymers, carbon dots, metal-organic
frameworks, semiconductor quantum dots, fluorescent diamonds,

a)

octahedral tetrahedral

and inorganic materials doped with optically active ions. The mate-
rials in the latter group are among the most intensively researched
in recent years due to their high mechanical, chemical, and thermal
strengths, which enable their use in extreme conditions and at high
temperatures[14,16-21,26]. The luminescence properties of these
materials are determined by the type of luminescent admixture,
among which two groups are of the particular importance: materi-
als doped with trivalent lanthanide ions (Ln>*) and transition metal
(TM) ions. Due to the weak electron-phonon coupling in Ln3*,
which results from the 4f orbital shielding by the 5 s and 5p orbi-
tals, Ln>* has unique luminescence properties that are particularly
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Fig. 3. Visualization of the octahedral and tetrahedral crystallographic sites preferentially occupied by the TM ions-a); splitting of the 3d energy levels of TM in octahedral
and tetrahedral environment-b); the influence of the polyhedral distortion on the splitting of the 3d energy levels-c); schematic visualization of the influence of CFS on the
activation energy on the basis of the 3d> electronic configuration-d); representative emission spectra of TM-doped luminescent thermometers-e).
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well-suited for luminescence thermometry. In particular, Ln®>* has
narrow emission, which facilitates spectral separation of bands
during spectral measurements; a long luminescence lifetime; and
a unique configuration of electron energy levels, which enables
the activation of various energy transfer processes between dopant
ions that can be exploited for luminescence thermometry
[14,16,20]. So far, most published research studies and reviews in
the luminescence thermometry field have been related to this type
of material. In recent years, however, there has been increasing
interest in TM ion activated materials as luminescence tempera-
ture probes [27-33]. In materials doped with TM, luminescence
arises from the d-d electronic transitions. The d-orbitals, unlike
the 4f orbitals in trivalent lanthanides, are not shielded by the
outer orbitals. Consequently, the spectroscopic properties of TM
strongly depend on the properties of the containing material and,
in particular, the strength of the crystal field that acts on the
dopant ion [34-38]. Therefore, both the emission range of lumines-
cence and the rate of temperature quenching of the luminescence
can be modulated by changing the type of matrix material used
[33,39-44]. Moreover, the high susceptibility of the luminescence
intensity to temperature changes enables the development of
luminescence thermometers with excellent thermometric perfor-
mances [45-47]. In addition, TMs have much higher absorption
cross-sections than those corresponding to f-f transitions of Ln>*,
which enables greater luminescence brightness. Due to these
advantages, there has been a semi-exponential increase in the
number of works published recently related to this type of lumi-
nescence thermometry. This research field is dominated by
chromium- and manganese-based temperature sensors, which
are the focuses of 59 % and 38 % of the literature published in this
area, respectively (Fig. 2) (Fig. 2 [27,46,48-53]). Only approxi-
mately 4 % of the scientific papers published in this field deal with
other TM ions. Recent works clearly confirm that TM-doped mate-
rials are characterized by particularly favourable thermometric
parameters that enable their use in wide temperature and spectral
ranges. Therefore, the aim of this paper is to provide a comprehen-
sive review of the current knowledge about luminescence ther-
mometry based on TM-doped materials.

2. Introduction to the spectroscopy of TM ions

The spectroscopic properties of TM ions have been thoroughly
described in previous literature [34,35,37,38]. Hence, this work
discusses only the correlations between the host material parame-
ters and spectroscopic properties of TM ions relevant to lumines-
cence thermometry. The d-d electronic transitions are responsible
for the luminescence properties of TM ions. As the 3d orbital is a
valence orbital, the energy configuration of an ion at an excited
level differs from that at the ground level. Therefore, except in a

Table 1
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few cases, the excited level parabola in configuration coordination
representation is shifted with respect to the ground level parabola,
and the magnitude of this shift depends significantly on the local
point symmetry of the TM ion sites in the host material crystal.
TM ions preferentially occupy octahedrally and tetrahedrally coor-
dinated crystallographic sites, although the presence of TM ions in
perturbed and distorted polyhedra has also been observed (Fig. 3a)
[37]. The coordination number and distance between the metal
and ligand significantly influence the spectroscopic properties of
the TM ions. Due to the complexity of the analysis of the TM ion
interaction with each ligand, the concept of superposition of the
electrical interactions of all matrix ligands (each ligand treated as
a point charge) on the TM ions in the form of the crystal field
strength (CFS) was introduced. This approach considerably simpli-
fies the analysis of the spectroscopic properties of TM ions in dif-
ferent matrices and, to some extent, enables the prediction of
their spectroscopic properties. The d state of a TM localized in an
octahedral environment is split into two doubly degenerate states
eg (d;2, dxy-y2) of higher energy and triply degenerate states tyg (dyy,
dy, dy;) of lower energy [34,35,37,38]. In this case, there is a simple
correlation between the CFS and the metal-oxygen distance R:
CFS ~ R>. Based on this relationship, one can predict how changing
this parameter will affect the spectroscopic properties of TM ions.
An excellent example of this is the spectroscopy of Cr*>* ions widely
described in the literature [28,39-42]. However, for ions located at
tetrahedral positions, such direct correlation is no longer present.
One can only determine some general tendencies considering that
the splitting strength between the ground and excited levels is
much lower than the octahedral coordination and is At = 4/9Aoct-
(Fig. 3b) [34,35,37,38]. Additionally, an inversion of energy states
will be observed, in that the triply degenerate states tyg (dyy, dxz,
d,,) will have higher energy than the doubly degenerate states e,
(dz2v dxz—y2)~

This significant change in the energy distance between the
excited and ground levels is responsible for the multiphonon relax-
ation of the excited level in some TM ions. For example, this feature
results in the inability to observe the luminescence of Cr* ions
located at tetrahedral crystallographic sites. Any disorder or defor-
mation of the polyhedra results in the occurrence of additional
energy level splitting via the Jahn-Teller effect (Fig. 3c) [54,55].
This effect further alters the spectroscopic properties of the TM
ions. The strength of the interaction between the crystal field
and TM ions affects not only the shape and spectral position of
the TM ions bands, but also the thermal dependences of their spec-
troscopic properties. As will be described in detail in Section 3, the
offset of the ground level parabola with respect to the excited level
parabola in the wavevector domain results in the intersection of
these parabolas. The energy distance between the bottom of the
excited level band and the crossover point (also called the activa-
tion energy) determines the rate of temperature quenching of TM

Electronic configurations of different transition metal ions. Ions used in luminescence thermometry are highlighted in green.

Electronic Transition metal ions

configuration
3 dO Ti4+ V5+
3 dl Ti3+ V4+ Cr5+ Mn6+
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3d° Crt Mn?* Fe**
3d° Mn" Fe* Co®*
3d’ Co*" Ni**
3d8 Co* NiZ*
3d° Ni* Cu?*
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Fig. 4. Tanabe-Sugano diagrams for different electronic configurations of TM ions [56].

ion luminescence. The higher the activation energy, the more
stable the TM ion luminescence. Hence, the matrix thermal
dynamics plays an important role in the changing luminescence
properties of TM ions. The schematic depicting a simplified version
of the configurational coordinate diagram for 3d> ions shows that
for stronger crystal fields, the shift between parabolas is reduced,
resulting in larger activation energies. The energy diagrams of
TM ions are predefined by their electron configurations. The rela-
tive arrangements of energy levels in the domain of the crystal
field parameter (usually normalized with respect to the Racah
parameter) for TMs of different electron configurations (see
Table 1) were determined in 1970 and are called Tanabe-Sugano
diagrams after their authors (Fig. 4)[56]. This qualitative means
of describing the relations among the energy levels of TM ions in
the octahedral coordination provides a very useful tool for analys-
ing the spectroscopic properties of phosphors doped with these
ions. However, even for the tetrahedral coordination, Tanabe-
Sugano diagrams can indicate the predicted changes in the rela-
tions between the energy levels as the CFS changes.

Table 2
Temperature dependences of radiative and non-radiative rates used in different
theoretical models of the transition metal ion luminescence thermal quenching.

Model name Radiative rate kg Non-radiative rate
kNR

Mott-Seitz constant Kngo - eXp(—AE/kgT)

Multiphonon relaxation model constant exp(hy /kgT)

AE
:|h\‘

ko - (st
Relaxation through the crossover knro - €xp(—AE/kgT)
with the excited state, charge

transfer band or

autoionization

ko - coth (hv/2kgT)

3. Temperature dependences of emission intensity and excited
state lifetime of TM activated phosphors

When selecting materials for luminescence thermometry,
one of the primary considerations is how their emission inten-
sity and lifetime depend on temperature. To answer this ques-
tion, it is sufficient to know the change of the material
quantum efficiency # with temperature. Once optically acti-
vated electrons populate a certain excited state, they return
to the ground state through either radiative or non-radiative
processes with rates of kg and kyg, respectively. 5 is defined
as the share of radiatively relaxed electrons to the total num-
ber of relaxed electrons:

ke
= 1
= et o (1)

The population density N(t) of the excited state in a simple two-
state model is.

O~ (kx + kN (), @
N(t) =Ny exp [—(kR + kNR)t}. (3)

The intensity of photoluminescence emission Ip; is proportional
to the product of the quantum efficiency and state population den-
sity as.

Ipp = CV]N([') = CV]NO exp [—(kR + kNR)t] (4)

where C encapsulates all physical parameters that are characteristic
of the measurement system and investigated material. The lifetime
of observed excited state 7 is defined by.
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Table 3
Comparison of the thermometric performance of lifetime-based luminescent thermometers on TM.
™ Valence Host Emitting state Sk (%/K) T (Srmax) Aexc (NM) Operating Ref
(K) temperature
range (K)
Titanium 3+ SrTiO5:Ti* 2E 5.5 290 266 77-350 [45]
SrTiO5:Ti’*, La®* 2E 4.2 104 266 77-270 [45]
SITiO5:Ti*, Th* 2E 8.83 180 266 77-240 [45]
CaTiO5:Ti*", Yb** 2E 3.55 295 266 77-480 [68]
4+ LiTaO5:Ti*, Eu®* 3.395 303 270 303-443 [66]
Chromium 3+ AlyBe0,:Cr* 2E 1.43 773 5435 273-773 [193]
NaYF,:Yb**/ Er®*, Nd** + NaAlSiO4:Cr3* 2E 0.58 410 420 300-575 [194]
LiGas0g:Cr** 2E 1.15 350 416 293-563 [102]
Bi,Gay0g Cr3* 2E 3.26 550 600 300-550 [44]
Bi>Al,0q 2E 0.7 550 600 300-550 [44]
LiGasOg:Cr** 2E 0.76 295 406 298-563 [100]
Gay05:Cr3* 2E 0.46 370 406 298-563 [100]
ZnGa,04:Cr’* 2E 0.58 420 406 298-563 [100]
Al,03:Cr3* ’E 0.48 390 514.5 292-923 [195]
Aly05:C"* 2E 0.9 450 514.5 292-923 [88]
CaF, glass ceramics O%*enriched ’E 0.76 498 296 300-500 [103]
CaF, glass ceramics F~ enriched 2E 0.47 351 464 300-500 [103]
YF; + Ga,03 GC Cr?* 2E 0.59 386 400 303-563 [96]
YF; Yb3*, Er®*+ ZnAl,04: Cr3* glass ceramics ’E 0.61 410 396 303-563 [49]
GdAIO; 4T, 532 473-1473 [50]
ZnAl,04:Cr?* (in glass-ceramics) 2E 0.83 603 390 293-573 [118]
LiAls0g:Cr* 2E 0.83 447 554 200-600 [99]
YAB:Cr** 2E 1.1 273 405 273-373 [105]
LaF; + Ga,03 GC 2E 0.66 500 400 333-573 [97]
LiGas0g GC: Cr** 2E 0.59 386 980 300-463 [86]
ZnGa,04:Cr’* 2E 1.15 400 NA 225-670 [196]
Al,03:Cr3* fiber ’E 293-2073 [197]
LaGaOs:Cr3* 2E 1.38 440 610 300-450 [198]
GdAlO5:Cr3* 2E - - 532 973-1473 [199]
Y5Al5045:Cr3* 2E 0.55 384 445 123-573 [98]
Y5Al3Gay045:Cr3* 2E 0.61 368 445 123-573 [98]
YAIO5:Cr3* 2E 0.58 302 445 123-573 [98]
Gd3Gas0q2:Cr* 2E 1.09 249 445 123-573 [98]
LLGG:Cr?* 2E 1.13 270 445 123-573 [98]
CaF,:Er** and ZnAl,04:Cr** multi-phase GC ’E 0.67 535 396 298-573 [95]
SrFy:Er®*Yb** and ZnAl,0,:Cr3*GC 2E 0.19 435 532 298-498 [200]
Mg,Si04:Cr3* 2E 0.92 240 450 10-330 [31]
ZnGa,04:Cr**, Bi** 2E 1.93 473 430 293-473 [9292]
persistent lifetime 1.7 463 254 323-473
BaAl;,049:Eu?*,Cr3* 2E 0.466 366 325 290-480 [81]
Mg, TiO,4:Cr3* 2E 0.75 290 473 100-400 [76]
4+ Zn0-Sr0-Si0,:Cr** (in glass-ceramics) 3T, 1.72 387 396 293-573 [118]
Ca,Al,Si0,:Cr# 3T, 0.25 300 730 293-353 [115]
Manganese 2+ Zn,Si04:Mn* “T1(G) 1.65 575 370 303-573 [129]
CagBaCe-(POy4);:Mn?* “Ty(G) 5.14 573 315 300-560 [201]
ZnGa,04:Mn?" Nanoglass “T1(G) 2.51 523 304 323-523 [202]
Zn2Ge04:Mn?* Decay profile 45 360 355 250-420 [203]
Zn2GeQ4:Mn?* intensity ratio of 12.2 370 355 250-420 [203]
two frames)
3+ Y5Al504,: Mn®* T, 2.63 350 266 123-400 [139]
4+ BaAl;5019:Mn**:SrAl;,019 2E 4.48 353 370 293-393 [131]
Li,TiO3:Mn** 2E 3.21 ~325 480 10-350 [162]
Y,MgTiOg:Mn** 2E 0.14 153 365 10-513 [144]
CaGdMgSbOg:Mn**, Sm>* 2E 1.23 523 406 300-570 [204]
Lu3Al50;5:Mn** 2E 6.35 345 355 307-383 K [46]
Li; gNag,TiO5:Mn** ’E 227 330 490 10-350 [161]
YAIO5: Yb** Er** Mn** 2E 1.19 525 980 303-560 [205]
YAIOs: Yb** Mn** Ho** 2E 1.13 525 980 303-560 [205]
Gd3Als072:Mn**, Mn3* dec %E 2.08 249 266 123-573 [3333]
Gd3Al50;5:Mn*, Mn>* rise 2E 0.99 390 266 123-573
GdsGas0;; Mn**, Mn3* dec 2E 1.66 154 266 123-573 [3333]
GdsGas0;, Mn*, Mn3* rise 2E 3.58 210 266 123-573
LusAls0;5:Mn*, Mn3* dec %E 0.72 320 266 123-573 [3333]
Lu3Al5045:Mn**, Mn** rise 2E 1 383 266 123-573
YAIO; Mn**, Mn3* dec %E 0.76 360 266 123-573 [3333]
YAIO; Mn**, Mn3* rise 2E 2.36 514 266 123-573
Y5Als045:Mn*, Mn>* dec %E 1.27 330 266 123-573 [3333]
Y5Als015:Mn*, Mn>* rise 2E 3.34 425 266 123-573
LisTisO1, Mn** 2E 2.6 330 500 10-350 [168]
Ca3;Ga,Ge;042:Mn®* Mn** rise 2E 6 33 532 4.5-300 [140]
LaTiShOg:Mn** 2E 2.75 383 340 298-418 [153]
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Table 3 (continued)
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™ Valence Host Emitting state Sk (%/K) T (Srmax) hexc (NM) Operating Ref
(K) temperature
range (K)
MgTiO3:Mn** 2E 4.1 277 550 198-323 [169]
Ca,GdSbOg:Mn**, Eu** 2E 1.47 425 393 303-503 [206]
Y,03:Ho*" and Mg, TiO4:Mn** powders 2E 0.9 373 K 465 198-373 K [169]
Li;TiO3: Mn*" and Y,05: Dy** 2E 6.67 339 355 273-373 [170]
BaLaCagoMgg 1ShOg:Mn** 2E 1.05 473 340 77-503 [207]
BaLaCaSbOg:Mn** 2E 1.09 503 340 77-503 [207]
BaLaCag1MggoSbOg:Mn** 2E 1.42 488 340 77-503 [207]
BaLaMgNbOg:Mn**, Dy>* 2E 2.43 437 355 230-470 [167]
Li;TiO3:Mn** 2E 3.21 ~325 K 480 10-350 [162]
SrTiO;:Mn** 2E 35 348 400 123-363 [47]
SrTiO5:Mn** Lu** 2E 3.87 290 400 77-450 [160]
SrTiO5:Mn** Er’* 2E 5.1 290 400 77-450 [160]
SrGdLiTeOg: Mn**,Eu* 2E 0.229 573 302 298-573 [208]
Mg4FGeOg:Mn** Rise 2E 0.289 473 385 293-623 [163]
Lu3Al5045:Ce3*, Mn** 2E 3.22 350 348 100-350 [154]
ZnGa,04:Cr3* Bi* Persistent 2E 1.7 473 430 323-473 [92]
ZnGa,04:Cr’* Bi** 2E 1.93 473 430 323-473 [92]
BaLaMgNbOg:Mn**, Dy>* 2E 2.43 437 355 230-470 [167]
5+ Bas(POy),:Mn°*. 1E 1 443 668 123-573 [173]
Iron 3+ BaAl,0;:Fe* 4T1 3.52 180 266 123-583 [174]
Copper 2+ EtNC(S)PPh,NPPh,C(S)NEt, s1 0.5 310 365 228-353 [184]
= 1 5) If one considers the coupling with a phonon mode of energy hv
kg + kng’ at temperature T, then the occupation number n is.
d the radiative lifeti i n 1 (11)
an e radiative lifetime is. =
exp(hv/kgT) — 1’
1
TR=p (6) where ks = 0.695 cm™!K™! is the Boltzmann constant. Finally, the
R

Meanwhile, for phosphors activated by trivalent lanthanides, it
is generally assumed that the radiative rate is temperature inde-
pendent (kg = const.) [18], in the case of TM ions, both kg and kyg
vary with temperature. For clarity, we will designate as the ‘tem-
perature dependence’ the effect that arises from the temperature
dependences of both kg and kyg, whereas the term ‘temperature
quenching’ (TQ) will be used to describe the effects due to the
change in only the non-radiative relaxation rate. The most fre-
quently used theoretical models are presented in Table 2 and illus-
trated in Fig. 5.

3.1. Temperature dependence of radiative relaxation rate

The radiative relaxation rate kz exhibits temperature depen-
dence in the case of transitions that are electron dipole-forbidden
but are made partially allowed by coupling to the lattice asymmet-
ric vibrations that induce odd-parity crystal field components. This
behaviour is especially the case for TMs with the 3d> electronic
configuration in strong crystal fields of octahedral symmetry, such
as Mn*" in oxides in fluorides. The radiative rate, in this case, can
be written as.

kg = ks + kas,

7)

where ks and kus represent the Stokes and anti-Stokes transition
rates, respectively. These rates are proportional to the occupation
of corresponding phonon modes n, so one can write.

kas = kg(0)[n], (8)

ks = kr(0)[n + 1], ©)
which leads to.

kg = kg(0)[2n + 1]. (10)

radiative relaxation rate and radiative lifetime 7z as functions of T
can be written as.

1

ke (T)

hv
ZkBT ’

where 7o = 1/kgois the radiative lifetime (1/radiative rate) at T=0K.
The photoluminescence emission intensity is proportional to the
number of occupied phonon modes and with the assumption that
kng < kg (n =~ 1) can be described by (Io— the emission intensity
at 0 K) [57]:

= 1x(T) :10~tanh< (12)

hv
ZkBT '

In,(T) = Io - coth ( (13)

3.2. Thermal quenching of luminescence

The thermal quenching of luminescence occurs when a non-
radiative channel opens for the relaxation of optically excited elec-
trons due to an increase in temperature. This behaviour leads to an
increase in kyg and, hence, emission intensity weakening and life-
time shortening.

The Mott-Seitz model is built on a configuration coordinate
model that consists of two parabolas shifted with respect to each
other (Fig. 5a) [58]. These parabolas represent potential curves,
each of which indicates the total energy of the system in its ground
or excited state as a function of the configurational coordinate R.
Based on this model, an electron in the excited state, assisted by
thermal energy, nonradiatively deexcites to the ground state
through the parabola intersection point S with the temperature
dependent rate [59]:

I(NR(T) = kNRO . exp(—AE/kBT),

TNR(T) = TNRO * eXp(AE/kBT), (14)



L. Marciniak, K. Kniec, K. Elzbieciak-Piecka et al. Coordination Chemistry Reviews 469 (2022) 214671

Table 4
Comparison of the thermometric performance of TM based ratiometric luminescent thermometers.
™ Valence Host LIR Sk (%/K) T Aexc Operating Reference
(Srmax) (nm)  temperature
(K) range (K)
Titanium 3+ YAG:Ti>* Ti** Ti**/ Ti** 0.7 489 266 123-573 [64]
4+ YAG:Ti** Ti4 + Nd** Ti**/ Nd* 3.7 473 266 123-573 [64]
YAG:Ti*", Ti**, Eu®* Eu’*/ Ti* 2.2 323 266 123-573 [64]
YAG:Ti** Ti**, Dy** Dy>* [Ti** 22 323 266  123-573 [64]
YAG:Ti>* Ti** Ti®*/ Ti%* 0.7 523 266 123-573 [64]
Zr0,:Ti**, Eu* Ti**/ Eu* 3.91 410 280 303-413 [67]
LiTaO3:Ti*, Eu* Ti**| Eu®* 5.425 303K 270  303-443 [66]
Cay4Al10.xyZNng035:xTi* yMn** Ti**/ Mn** 057 453 260  303-523 [209]
Vanadium 3+ LaGaOs:V, Nd** V3 Nd3* 1.44 448 266 123-573 [70]
YAG:V?, V¥, Eu* V3 Eu?* 0.4 373 266 123-573 [32]
YAG:V3*, V**, Dy** V3*| Dy** 4 123 266  123-573 [32]
YAG:V3, V**, Nd** V3 Nd3* 0.8 573 266 123-573 [32]
YAG: V°, V3* Vo V3 6 573 266 123-573 [32]
4+ Y5Al3Gay045:V7*, V4 ol 1.68 273 266 123-573 [210]
Y5Al,Gaz045:V>*, V4 A Vel 2.67 273 266 123-573 [210]
Y5AlGas045:V°, V4 VA vor 2.52 253 266 123-573 [210]
Y5Gas04,:V>*, v4* \auia 2.48 173 266 123-573 [210]
LaGaOs:V, Nd** V4 Nd3* 0.49 253 266 123-573 [70]
5+ LaGaOs:V, Nd** Vo) Nd3* 1 268 266 123-573 [70]
YAG: V°*, V3* Vo v 6 573 266 123-573 [32]
Y5Al3Gay045:V>, V4 A AVel 1.68 273 266 123-573 [69]
Y5Al,Gasz045:V>*, V4* N Vel 2.67 273 266 123-573 [69]
Y3AlGas045:V°*, V4 A A'al 2.52 253 266 123-573 [69]
Y5Gas04,:V>*, V4 VA VS 2.48 173 266 123-573 [69]
YVO4:Er’* V3 JEr* 1.58 300 300  299-466 [71]
Chromium 3+ Y5Al5015:RE/TM Dy**/ ¥t 232 450 384  293-573 [80]
Y3Al504,:RE/TM Eu®/ Cr¥t 2.43 573 393 293-573 [80]
LiLaP40;,:Cr3*, Nd** Nd*/ cr**  4.89 323 665  123-473 [77]
NaYF,:Yb**/RE>* (RE®* = Er¥*, Ccr**/ Nd* 225 385 420 300-575 [194]
Nd**) and NaAlSiO,4:Cr3*
BiyAl,0g:Cr3* 2E/*T, 1.24 290 570  100-600 [117]
EuF; + Ga,03 Eu?* Cr** glass ceramics Eu?*/ Cr3* 0.8 NA 375  303-573 [211]
Dual Phase glass ceramics Cr**/E®t SA=15 463 396  300-573 [212]
Dual Phase glass ceramics cr¥*, Dy** SA=16 428 386  300-573 [212]
Dual Phase glass ceramics 3t b SA =22 423 377  300-573 [212]
GdPs044: Cr**, Nd** et INd* 04 573 460  123-573 [213]
Mg,TiO4:Cr>* 2E[*T, 1.73 300 473 100-400 [76]
LiLaP4O;5: Cr¥*, Yb3* cr* [Yb** 1.2 450 650/  77-450 [78]
920
YAG Cr3*, Nd** Cr3*Nd3* 3.48 200 590  100-850 [79]
YAP:Cr3* Two colour 0.37 123 123-573 [87]
excitation
YAG:Cr** Two colour  0.175 123 123-573 [87]
excitation
LiLaP40q5:Cr3* Two colour 0.3 123 123-473 [87]
excitation
CaHf05:Cr3* 2E[*T, 2 40 450  40-150 [75]
GdVO4:Eu®* and Al,05:Cr®* hybrid particles Ed® /26 675 405  303-753 [83]
Bi,Gay0q:Cr3* R /Ry 2.74 80 442 77-450 [214]
Sr,MgAly,036:Cr3* 2E[*T, 1.7 310 410  298-523 [215]
ZnGa,04:Cr’* 2E/*T, 2.8 310 405  100-800 [73]
LiGasOg GC:Er®*, Cr** Cr**f Er?* 0.35 343 980  300-500 [86]
LiGasOg GC:Ho**, Cr’* Ccr¥*/ Ho** 025 348 980  300-500 [86]
Zn,Gas o8-4x/3Gex0s:Crdloz 2E/*T, 1 295 254  295-328 [216]
ZnAl,04:Cr**, Mn?* Ry /Ry 3.6 77 427  77-310 [74]
Gd3Al50,; ¥ Nd*>* 1.2 123 445  123-573 [40]
Gd;Al,Ga0; ¥ Nd*> 142 123 445 123-573 [40]
Gds;Al;ALO, Ccr**/Nd* 155 123 445  123-573 [40]
Gd3Al,Gas04, Cr3*INd** 16 123 445  123-573 [40]
Gd3Gas0; ¥ Nd>* 19 123 445  123-573 [40]
BiyGay0:Cr3* 2E[T, S.=028 K' 300 442 10-500 [27]
Mg,Si0,:Cr3* 2E[*T, 0.7 310 450  10-330 [31]
ZnAl,0,4:Cr?*, Bi®* persistent  0.11-0.14 293- 254  293-373 [92]
LIR 373
ZrB,/AL,05:Cr**, Nd** crf/Nd* 2 623 445  123-773 [217]
Lus(BOs3)4:Cr3* 2E[*T, 0.42 423 450  303-473 [39]
Gds(BO3),:Cr3* 2E[T, 0.27 423 450  303-473 [39]
a-Gay03 2E/*T, 1.05 300 455  200-450 [28]
B-Ga,03 2E[*T, 0.64 300 455  200-450 [28]
MgAl,04:Cr3* 2E[*T, 35 300 550  300-550 [29]
LiAlsOg: Cr** and LuPO,: Tb** Ccr’f/ Th*  3.68 300 543.8 300-600 [85]
YAG:Cr**, Dy** cr**/Dy*t 064 175 484  175-650 [82]
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Table 4 (continued)

™ Valence Host LIR Sk (%/K) T Aexc Operating Reference
(Srmax) (nm)  temperature
(K) range (K)
YAG:Cr**, Dy** 2E *T, 2.2 200 484  175-650 [82]
MgTiO5:Cr3* 2E |defect  2.62 310 385  100-350 [30]
Al,05:Cr3* Ry/ Ry 4.8 20 473 10-540 [88]
LayLuGas045:1%Cr* 5%Nd>* Cr3*Nd3* 1.47 260 445  123-573 [41]
Manganese 2+ GdF;: Ce®*, Mn®*, Eu®* Mn?", Ei®* 1.32 340 254  298-433 [124]
Zn,Si04:Mn?* Mn2*/ 6.5 573 370  303-573 [129]
defects
NaBag Sro.4B:0.03Ce**,0.03Mn?* Cce** [Mn?*  0.83 323 297  323-523 [218]
Zn,Ge04:Mn?*, Eu?* Mn* [Ei**  1.96 353 315 293-353 [123]
Gay03:Mn?*+ GdF5:Tm?* Mn?* [Tm3*  1.78 543 360  123-663 [137]
Bag5STo5Al11.93019: Mn?*, Mn** Mn?*/ Mn*"  4.37 293 370  293-406 [131]
CsPb(Cl/Br)s Mn?* | 10.04 143 365  83-143 [219]
exciton
(Ca,Sr)0Li(PO4)7:Ce* Mn?* Mn?* [Ce®* 04 473 310 293-473 [124]
Zn,Si04:Mn?* Mn?* [ host 12.2 310  293-573 [129]
CagBaCe(P0O,);:Mn?* Mn?*/Ce** 217 573 315 300-560 [201]
Cagla(P0,)sSi04F,:Ce*, Tb**, Mn?* ce**/ Mn?* 028 520 300  303-523 [220]
Ca,Sr(P04), Eu?* Mn?* Mn?*/ Eu**  0.099 463 303 290-460 [221]
CagTh(P0O,)s(Si04)F,:Mn?* Mn?*/ Tb**  1.92 423 377  298-573 [222]
MOF Eu-BTC (BTC = 1,3,5-benzenetricarboxylic acid) + Eu®*/Mn?* 41 318 313 293-363 [223]
Zn,Ge04:Mn?*
7n,Si04:Mn?*-Gd,05:Eu®* Eu®*/ Mn**  3.05 303 260  300-620 [138]
ZnGa,04:Mn?* Mn** Mn?*/ Mn**  4.345 350 340  100-475 [52]
Sr3Ce(PO4)s:Tb**, Mn?* Mn?*| Tb**  0.612 298 280  300-570 [224]
CagAly(P0O,)s(Si04):Ce3*, Mn?* ce*/ Mn** 21 ~390 254 300-525 [225]
CagY(P0Oy4)7:Ce** Mn?* and g-C5N, composite ce®*/ Mn**  1.673 547 318  300-550 [136]
LisZngAlsGegO36 Mn?* Mn?* Mn?*/ Mn?>*  8.489 323 254  298-523 [226]
Na3Sc,P3045: Eu?*, Mn?* Eu®*/ Mn**  1.556 473 340  293-473 [134]
LaMg; xAly;_yO19 (M = Mg, Zn) Mn?*/ Mn** 1.5 198 365  100-550 [133]
LaZn; xAli;_yO19 (M = Mg, Zn) Mn?*/ Mn* 9 98 365  100-550 [133]
GdPO4:Mn?*, Eu®* Mn?*/ Eu**  8.88 305 375  303-323 [227]
BaAl;,019:Mn**:SrAl;,019 Mn?*/Mn*  4.37 203K 426  293-406 [131]
K7ZnSc,B15030:Mn* Mn?*/ Mn?*  1.84 520 410  300-520 [125]
ZnGa,_yAl,04:Mn**,Mn** Mn*| Mn?*  4.345 350 340 100-375 [52]
3+ YAG:Mn** Mn** Mn**/Mn* 1.6 220 266 123-603 [139]
La,Zr,07:Tb** Mn3* Tb** Mn**  1.82 298 240  98-338 [141]
4+ GdF; and Ga,03 nano-crystals glass ceramic Tm?* /Mn**  0.28 353 K 360 123-663 [137]
BaAl;,019:Mn**:SrAl;,049 Mn?*/Mn* 437 293K 426 293-406 K [131]
Cay4Al1Zng035:Bi**,Mn** Bi®* [Mn**  1.21 523 340  303-563 [158]
Mg25Ge7.55.xGax032F 5. 04:Mn** antiStokes/  0.42 303 410 303-473 [145]
Stokes
Mg,sGey s55.xGax032F5.04:Mn** antiStokes/  0.68 303 460 303-473 [145]
Stokes
Ba,LaNbOg:Mn** Eu®* Mn* [Ei**  2.08 398 396  300-500 [228228]
Ca,LaNbOg:Mn** Eu?* Mn* [Eu** 151 398 396  298-498
Y5Als015:RE/TM Eu** [Mn**  4.81 320 393 293-393 [80]v
Y,MgTiOg:Mn** antiStokes/  0.14 153 365  10-513 [144]
Stokes
Y5Als045: Th3* [Mn** Tb** /Mn*  3.73 320 378  293-393 [80]
Y5Als045: Dy** [Mn** Dy** /Mn**  3.16 320 365  293-393 [80]
Y5Al50;5: Sm®* /Mn** Sm** /Mn*  1.53 473 406  293-393 [80]
MgTiO4:Mn** +Y,05:Ho>* Ho** /Mn*"  4.34 288 355  273-373 [170]
LuzAl5045:Ce3*, Mn** Mn* jCe®*  4.37 350 348  100-350 [154]
Ca,GdSbOg:Mn*, Eu®* Mn* [Ei**  1.38 420 393 303-503 [206]
Ca,GdSbOg:Mn**, Eu** Mn* /Sm**  1.55 430 404  303-503 [206]
SrLaLiTeOg:Mn**,Dy>* Mn* [Dy** 1.6 673 351 298-683 [51]
Carbon Dot-Grafted Mn** /CDs 0.18 300 365 50-300 [229]
CaAl;5019:Mn 4
Mg;4Ges0,4:Mn* anti-Stokes  2.71 97 440 6.9-303 [150]
/Stokes
YAP:Yb3*, Er**, Mn** Mn* [Er¥* 195 530 980  293-563 [205]
YAP:Yb**, Mn** Ho** Mn* [Ho** 1.17 450 980  290-570 [205]
Cs,WO,F,:Mn** Stokes | 0.21 167 488  10-433 [147]
anitstokes
MgTiO3:Mn** R4/R; 0.9 93 550  23-373 [171]
MgTiO3:Mn** 2E | *T, 1.2 93 550  73-323 [171]
Gd,ZnTiOg: Bi**, Mn** Bi** [Mn** 24 423 375  313-473 [159]
Bag.75Al11017.25-BaMgAl;4017 Mn?*, Mn** Mn*/Mn?*  1.63 453 315 310-450 [230]
Cay4Al10.x-yZNns035:xTi*",yMn** Ti*/ Mn*  0.57 523 260  303-523 [209]
NaLaMgWOg Mn**, Eu?* Mn*/ Eu**  0.86 523 320  303-525 [231]
La,LiShOg Mn**, Eu®* Mn*/ Ei**  0.891 523 282 303-523 [152]

(continued on next page)
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™ Valence Host LIR Sk (%/K) T Aexc Operating Reference
(Srmax) (nm)  temperature
(K) range (K)
Y,03:Ho*" and Mg, TiO4:Mn** powders Ho**/ Mn* 4.6 298- 465  298-373 [169]
373
LUAG:Mn*, Tb** Mn*/ Tb** 4.3 333 355  270-420 [155]
Li,TiO3: Mn** and Y,05: Dy** Mn* [Dy** 434 288 355  273-373 [170]
BaLaMgNbOg:Mn**, Dy** Dy>* /Mn**  1.82 457 355  230-470 [167]
NaMgBOs: Ce**, Mn?* ce*, Mn**  0.69 473 375  298-473 [126]
Y5Al5015:Mn>* Mn** Nd** Mn* INd**  1.69 220 355  90-800 [139]
Sr4Al14045:Mn** Th3* Mn* Tb** 2.8 423 266 123-573 [53]
SrTiO5:Mn** 2E/*T, 45 253 387  123-365 [47]
SrAl;049:Mn* antiStokes /|  0.27 393 397 293-393 [146]
Stokes
ZnGa,_yAl,04:Mn?* Mn** Mn*/ Mn?*  4.345 350 340  100-375 [52]
Mg;Y,Ges045: Eu* Mn** antiStokes/  0.014 200 420 7-300 [232]
Stokes
MgzEu,Ge304,: Mnt* antiStokes/  0.019 300 420 7-300 [232]
Stokes
MgTiO4:Mn** +Y,05:Ho>* Mn*/Ho**  4.61 293- 465  293-373 [169]
373
Lu3Al5045:Eu’t, Mn** Eu**/ Mn** 0.7 303 393 303-358 [151]
SrGdLiTeOg: Mn**Eu** Eu*/ Mn* 49 550 302  300-550 [208]
5+ BaPOMn consisting of 3:1 Bas(PO,); and Bas(PO4);0H: Mn>*  Mn>* 0.43 423 808 283-423 [172]
vibronic
sideband
iron 3+ LusGas01,: Fe?*,Cr¥* Nd** Fe**/ Nd*>* 59 373 266  123-573 [176]
Y3Gas04,: Fe?*,Cr3* Nd3* Fe*/ Nd**  1.68 323 266 123-573 [176]
GdsGas0q,: Fe**,Cr** Nd** Fe**/ Nd*>* 157 323 266 123-573 [176]
BaAl,0;:Fe** Tb>* Fe**|Tb3* 1.56 143 266 123-573 [174]
BaAl,0;:Fe®* Fe*[Fe** 3.52 180 266  123-593 [174]
CaAl40;:Fe** Th3* Fe*|Tb>* 2.08 373 266 123-473 [174]
CaGa,0,4:Fe*", Tb** Fe*|Tb** 2.02 279 266 123-423 [175]
MgAl,04:Fe*, Th** Fe*/Tb** 0.74 573 266 123-583 [175]
MgGa,04:Fe**, Th** Fe*|Tb>* 0.27 433 266  123-583 [175]
CaAl,04:Fe*, Th** Fe*|Tb>* 2.58 283 266 123-383 [175]
LiAls0g:Fe>*, Nd>* Fe’* INd**  0.56 193 266 123-573 [177]
Cobalt 2+ MgAl,04:Co?*, Nd>* Co*|Nd** 028 223 266  163-373 K [178]
Copper 2+ Cug-Cu,-Cug [CugLs(Cusl;)Cugls] (HoL = 3,5-bis((3,5- Cu?*/cu®* 0.285 260 310  100-450 [185]
dimethyl-pyrazol-4-yl)methyl)-2,6- dimethylpyridine, Cuyl,
(2,6-lutidine),)
Nickel 2+ SrTiO5: Ni%*, Er** Ni?* [Er?* 0.44 303 450  203-483 [179]
CaTiOs: Ni%*, Er®* Ni?*/ Er?* 0.37 303 450  203-483 [179]
SrTiO5:Ni%*, Er®* microcrystals Ni?*, Er®* 0.8 318 375  113-483 [182]

where AE is the energy difference between the lowest level of the
excited state and parabola intersection point S (sometimes called
the activation energy of the process in literature), kg is the Boltz-
mann constant, and kygo and Tygo are non-radiative relaxation rate
and lifetime at 0 K, respectively. The nonradiative relaxation rate
is lower for larger AE and increases with increasing temperature.
Considering that the radiative lifetime is a constant, t(T) = 7o,
the expressions for the temperature dependencies of the emission
intensity and lifetime are.

Io

Ius(T) = ;
1+ - exp(~AE/ksT)
To
Tus(T) = ; (15)
1+ exp(—AE/ksT)

where 7o/Tnro iS @ constant, which is commonly called the fre-
quency constant in the literature and has values on the order of
10'® s7!. The Mott-Seitz theory is suitable for explaining the
quenching of broadband emissions, where AR is large, for example,
in molecular fluorescence. It is not suitable for describing the ther-
mal quenching of narrow-line f-f emissions in trivalent lanthanides
or the emissions of TM ions from excited states that have no config-
uration coordination parabola shifts against the ground state, i.e.,
where AR ~ 0.

In the multiphonon relaxation model, the energy of the excited
state is relaxed by phonon emission to the lattice mode (which

10

may or may not be the ground state; Fig. 5b) and is described by
the following formula:

_ exp(hv/kgT) T
knr(T) = kngo - [W )

Tne(T) = Taro - { exp(hv/ksT) (16)

hy
exp(hv/kgT) — 1} ’

where AE is the energy difference between the excited level and the
next lowest level, hvis the dominant phonon energy of the lattice,
and kygo is the value of the nonradiative transition rate at zero tem-
perature that depends on the electron-lattice coupling strength.
AAE/hv = p represents the number of effective phonons that need
to be emitted to bridge the energy gap difference. However, when
numerous phonons are needed to bridge a gap, the process has a
low probability; it is believed that processes involving more than
seven effective phonons are quite improbable. When assuming that
the radiative lifetime is temperature independent, tx(T) = 7o, the
expressions for the temperature dependencies of the emission
intensity and lifetime are[60]:

Io

Ivpr(T) =
To exp(hv/kgT) |h
kvl Py g
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Fig. 5. Configuration coordinate diagram representation of the emission thermal quenching by Mott-Seitz model-a), Multi-phonon relaxation model -b), thermally activated
cross-over via the charge transfer (CT) or excited states -c); energy transfer to Ln** ions-d).

To

Tpr(T) = (17)

14 o [ontn 15
exp(hv/kgT)-1

To exp(hv/kgT)
TNRO

The previous equation can be written in terms of effective pho-
nons and energy gap as.

Io
Typr(T) = =
MPR 1+ 2 [1 - exp(—AE/pksT)] 7
T
Tupr(T) 0 (18)

:]+T_U.

TNRO

[1 —exp(—AE/pkyT)]

Relaxation by energy crossover from the excited state to a
higher energy excited state, charge transfer (CT) band, or the host
material conduction band (autoionization) successfully describes
thermal quenching of the luminescence of TM ions with the 3d>
electron configuration (Fig. 5¢). In this model, the radiative lifetime
is considered to be temperature dependent, whereas the nonradia-
tive relaxation rate has the same form as in the Mott-Seitz model:

kg(T) = ko - coth (hv/2kgT),
Tr(T) = 7o - tanh (hv/2kgT),
kNR(T) = kNRO . exp(—AE/kBT),

TNR(T) = TNRO * exp(AE/kBT) (]9)

Then, the expressions for the temperature dependencies of the
emission intensity and lifetime are [61]:

11

Iy
Ieo(T) = 1 ot WZGT) exp(— AE/ksT)
To - tanh (hv/2ksT
Tco(T) 0 (hv/2ksT) (20)

= 1 fotanh (h/2ksT) exp(—AE/kyT) :

TNRO

The higher the configuration coordinate parabola offset
between the ground state and the CT or the excited state, the larger
the cross-over energy AE needed to activate the non-radiative de-
excitation process. For example, the emission of Mn** activated
phosphors, which have large “T,, energies, starts to quench at high
temperatures. Thermally activated auto-ionization occurs when
the excited state of the optically active centre is very close to the
conduction band minimum of the host material. Once the thermal
energy is sufficiently high for the excited electron to overcome this
energy gap, the electron becomes delocalized and can relax
through several non-radiative channels (defects, trapping, etc.).
This mechanism may drastically decrease the expected quenching
temperature compared to that occurring due to energy band cross-
over. Moreover, in a TM, Ln>* co-doped the presence of Ln>* may
activate an additional channel of quenching of TM excited state
(Fig. 5d). This type of energy transfer is described by Miyakava-
Dexter formalism.

4. Figures of merit of luminescence thermometry

As a measurand (the quantity intended to be measured), tem-
perature follows the universal guidelines for the evaluation of
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measured data. Using a standardized metrological approach
enables consistent comparison of the performance and characteris-
tics of different luminescence thermometry measurement systems
and materials. Thus, most of the terminology used in this review is
derived from the International Vocabulary of Metrology. Fig. 6
illustrates the general measurement processes that are performed
to describe a typical luminescence thermometry measurement
system. Here, the temperature is not measured directly, but
instead an indicator Q is obtained experimentally (e.g., the emis-
sion lifetime, emission intensity, or wavelength of the emission
line).Fig. 7..
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The measurement process produces two essential components:
a numerical value (measurement result, i.e., the temperature) as
an estimate of the quantity measured and the degree of uncer-
tainty—a parameter characterizing the range of values within
which the value of the measurand can be said to lie within. Both
are obtained from a measurement model, that is, from the mathe-
matical relation among the temperature, indicator, and other
quantities involved in the measurement. The terms accuracy and
precision are closely associated with the measurement process
and should be distinguished, as they are often sources of confusion.
Because the measurement accuracy is the closeness of agreement
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between the measured temperature and the true, unknown value,
it is not possible to assign to it a numerical value; hence, it is a
descriptive parameter. On the other hand, as the measurement
precision is the closeness of agreement between independent mea-
surements of a quantity under the same conditions, it can be
expressed numerically using measures of imprecision such as the
standard deviation or variance. Accordingly, repeatability is the
measurement precision achieved by replicate measurements over
a short period of time under repeatable measurement conditions
using the same measurement procedure, measurement system,
operator, operating conditions, and location. Similarly, repro-
ducibility is the measurement precision under reproducible mea-
surement conditions while repeating the measurements at
distinct locations and using different measurement systems and
operators.

Presented here are the typical figures of merit employed in
luminescence thermometry using the lifetime temperature depen-
dence as the indicator (Q(T) = ©(T)) and the temperature as the
measurand. The absolute sensitivity S of a luminescence thermom-
etry measurement system is defined as the quotient of the change
in the indicator and the change in temperature, and it is expressed
in the units of the indicator over Kelvin:

_ dQ(T)‘

S= ) (1)

As luminescence thermometry indicators can be various physi-
cal properties with very different value ranges, they are not partic-
ularly suitable quantities for comparing results between
measurement systems. Even if the same physical property is used
as an indicator for the same measurement system, the indicator
may vary if measured with different detection parameters. For
example, if the indicator is the emission intensity, then amplifica-
tion gains or different intensities of excitation will lead to different
indicator values and ranges. Consequently, the change in the indi-
cator with temperature, i.e., the sensitivity, will be different. We
refer to this definition of sensitivity as absolute sensitivity. To cir-
cumvent this issue, the relative sensitivity is introduced as the
ratio between the absolute sensitivity and indicator:

_[1 dem
§ ’Q(T) dr '

The relative sensitivity is the normalized sensitivity with
respect to the indicator; it is expressed in units of inverse Kelvin
or percent over Kelvin and is suitable for comparing results. Finally,
the temperature resolution (6T(T)) is the smallest change in tem-
perature that causes a perceptible change in the indicator; it is pre-
sented in Kelvin and is calculated as the ratio of the indicator
uncertainty (expressed by the standard deviation) to the relative
sensitivity:

(22)

0 Op
6T —_ E —_ S_R .

The temperature resolution strongly depends on the character-
istics of the measurement system (for example, the noise), as well
as on the indicator value.

Finally, the spatial and temporal resolutions of the measure-
ment system can be defined as the minimum difference between
points of a spatial or temporal measurement (éx or Jt) that can
be resolved under the temperature resolution of the system (6T),
and they can be calculated as.

(23)

oT

ol
'ét:|dj.
dt

(SX:?7
X

(24)

However, the spatial resolution is restricted by the Rayleigh
diffraction limit, which can be calculated from the maximum
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wavelength of the emission used in the measurement system
and its numerical aperture.

5. Luminescent thermometers based on TM ions
5.1. Titanium

Titanium is one of the less frequently used TMs in luminescence
thermometry, and only a few reports on its application can be
found. The luminescence properties of two oxidation states of tita-
nium have been described in the literature, namely, Ti>* and Ti%*,
which have the d'! and d° electronic configurations, respectively.
The emission spectrum of Ti>*, which prefers the octahedral coor-
dination, consists of only one emission band assigned to the *Eg — 2-
T, electronic transition usually localized in the red-near infrared
(NIR) spectral range. On the other hand, the lack of electrons in
the d orbital of Ti*" causes its luminescence to be associated with
the CT transition and usually localized in the ultraviolet (UV)-blue
spectral range. The first works describing luminescent temperature
sensors based on the emission of Ti>* ions were presented by Kat-
sumata et al. in 2007 [62] and 2008 [63] for sapphire (Al,03) crys-
tals. They found that the Ti** emission intensity decreased
sublinearly at elevated temperatures in the 25-250 °C range,
which suggests that a single emission band can be used for temper-
ature sensing. After that, titanium was not used for temperature
sensing for a relatively long time. Since 2018, there has been
increasing interest in exploiting the properties of these ions in
nanoscale luminescent materials. For instance, Drabik et al.
[64,65] showed that by doping yttrium-aluminium garnet with
titanium ions, it was possible to obtain both described oxidation
states (Ti>* and Ti*"), whose emission bands occur in a spectrally
non-overlapping range, and the intensity of each varied differently
with temperature. This characteristic enabled the development of a
thermometer using the intensity ratio with a low relative sensitiv-
ity of Sg = 0.7 %/K. To increase the accuracy of the temperature
readout, the authors proposed using the Ln®* (Ln®>* = Nd**, Eu*,
Dy>") co-dopant emission intensity as a luminescence internal ref-
erence signal. This approach enabled Sz to be enhanced up to
2.26 %/K at 323 K and 3.70 %/K at 473 K. Wang et al. [66] proposed
utilizing Ti**/Eu®* co-doped LiTaO5; micro rod arrays for ratiometric
and temporal luminescence thermometry (Fig. 8c). The maximum
obtained sensitivities (5.425 %/K for ratiometric luminescence
thermometry and 3.637 %/K for temporal luminescence thermom-
etry) enabled the development of an anti-counterfeiting system
based on the temperature and time-domain response. Pan et al.
proposed a very similar approach employing Ti** and Eu®*
co-doped ZrO, and achieved a sensitivity of 3.84 %/K using a ratio-
metric approach [67]. A peculiar effect was recently reported by
Piotrowski et al. [45,68] who showed that the introduction of
Ln®* ions into SrTiO; nanocrystals due to the jonic compensation
effect enhances the emission intensity of Ti>* ions. The high sus-
ceptibility of the lifetime of the 2E, excited state to temperature
changes enabled the development of a lifetime-based thermometer
of very high sensitivity reaching Sg = 8.83 %/K at 180 K (Fig. 8d).

5.2. Vanadium

The luminescence properties of vanadium ions have been
reported for VZ*(d3), V3* (d?), V¥ (d'), and V°*; however, only the
last three oxidation states have been used for luminescence ther-
mometry to date. The first report on a vanadium-based lumines-
cent thermometer was presented in 2018 for YAG:V3*, v>*
nanocrystals [32]. It was found that in the nanosized particles,
doping with vanadium ions led to the occurrence of two spatially
segregated oxidation states. V°* preferentially occupied the
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nanocrystal surfaces, whereas V3* occupied the inner part. In this
case, the emission spectra consisted of two broad bands centred
at 520 nm and 820 nm, which could be attributed to the CT tran-
sition of V>* and the 3T,y — 3T, transition of V3*, respectively.
Due to the much lower activation energy of thermal quenching
in V3* compared to that in V°*, a highly sensitive LIR-based ther-
mometer was developed (Sg = 4-6 %/K at 250-300 °C). The co-
doping with Ln®** did not enhance the sensitivity in this case. In
the case of LaGaO5:V nanocrystals, the V3*, V4*, and V>* oxidation
states even occurred simultaneously [70]. Hence, the nanoparticle
emission spectra consisted of three emission bands at 497 nm,
633 nm, and 733 nm attributed to the CT transition (V°"),
E - 2T, (V*), and *Ty4 — 3Ty, (V3*), respectively. The differences
between the thermal quenching rates of these oxidation states
enable the development of ratiometric thermometers, although
they have low relative sensitivity. The introduction of Nd** as a
luminescent reference ion led to the development of a thermomet-
ric phosphor with different thermometric performance depending
on the selection of the particular emission band of different oxida-
tion states of vanadium ions (Sg = 1 %/K (at 268 K), 0.49 %/K (at
253 K) and 1.44 %/K (at 348 K) for LaGaO5:V>", Nd3*, LaGaO5:V#*,
Nd**, and LaGaO5:V3*, Nd**, respectively). It was also found that
the relative sensitivities of both vanadium-based luminescent nan-
othermometers could be modulated by the grain size (annealing
temperature) and dopant concentration. The thermometric perfor-
mance of the V-based luminescent thermometer can be also mod-
ulated by the Ga>* to AI** ionic ratio (Fig. 8 a b). V°* luminescence
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is often observed in vanadates (also identified as a host material
luminescence), where V°' is tetrahedrally coordinated in the
(VO4)*~ polyhedra. Kolesnikov exploited the V>* to Er** emission
intensity ratio for temperature sensing in YVO,:Er®*, achieving a
sensitivity of 1.58 %/K at 300 K [71].

5.3. Chromium

53.1.¢cr

Chromium ions are the most readily and widely used TM ions in
luminescence thermometry, due to the high emission intensity and
numerous advantages resulting directly from the 3d° electron con-
figuration of Cr®*. In the case of Cr** ions, luminescence occurs by
radiative depopulation of the °E and/or “T, energy levels. In con-
trast to the configuration coordination parabola of the 2E level, that
of the “T, state is shifted with respect to the parabola of the ground
4A, level in the wave vector domain. This shift results in the spec-
tral representation of the 2E — “A, electron transition being a nar-
row spectral emission band, whereas the T, — %A, transition
corresponds to a broad emission band. Moreover, the energy of
the “T, level strongly depends on the local crystal field affecting
the Cr3* ions. These ions preferentially occupy octahedral crystallo-
graphic positions; hence, according to the Tanabe-Sugano diagram
for the d® electron configuration, an increase in CFS causes an
increase in the T, level energy. When Cr>* ions experience a weak
crystal field (Dq/B < 2.1), the energy of the “T, level is below that of
the 2E level and the emission spectrum of Cr** ions consists of a
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broad emission band. In the case of a strong crystal field, the
energy of the 2E level is lower; hence, the emission spectrum con-
sists of a spectrally narrow emission line. In cases of intermediate
crystal fields, both emission bands are observed in the lumines-
cence spectra. An important advantage of Cr>* ions is the simple
correlation associating the strength of the crystal field to the
Cr**-ligand distance in the matrix (R, usually Cr**-0%" or Cr**-
F~) Dq/B ~ R~>. Hence, appropriate choices of the structural param-
eters of the host material enable the optimization of the spectro-
scopic properties of the phosphor according to the application
requirements. This has important implications from a thermomet-
ric perspective because the activation energy of the nonradiative
depopulation of the 2E and “T, levels can also be controlled by
the strength of the crystal field and thus enables optimization of
the thermometric parameters of the luminescent thermometer.
Moreover, two broad absorption bands of Cr3* ions localized in
the visible spectral range facilitate excitation wavelength selection
to match the application requirements [72].

Two main strategies have been observed in luminescence ther-
mometry applications using the emission intensity of Cr>* ions. The
first one is ratiometric thermometry using the LIR of the ratio
between the emission intensities of the 2E — A, and *T, — “A,
bands. The second utilizes the luminescence of Cr** ions as a tem-
perature probe and a reference luminescence signal. The former
approach typically exploits intermediate crystal field materials in
which a quasi-thermal coupling between the %E and “T, levels is
observed. Typically, an increase in temperature causes an increase
in the population of the T, level relative to that of the 2E level.

The energy separation between these states can be modified by
varying the CFS, which in turn adjusts the thermometric properties
of the 2E — %A,/ T, — “A, ratiometric thermometer. Shi et al. ver-
ified this hypothesis in a series of Al;(BO3)4:Cr>* (A =Y, Lu, Gd)
[39]. The performed studies revealed that Sz was proportional to
the energy separation between the considered energy levels and
changed from Sz = 0.8 %/K at 310 K for Lus(BOs)4:Cr* (Dg/
B = 2.34) to Sg = 0.5 %/K for Gd3(BOs3)4:Cr3* (Dg/B = 2.3). Back
et al. investigated the role of the crystallographic symmetry of
the host material on a Boltzmann type Cr**-based luminescent
thermometer in Ga,05:Cr®* [28]. The authors revealed that the
change in symmetry from trigonal (o-Ga;03) to monoclinic (B-
Ga,03) decreased Dq/B from 2.97 to 2.58 and enhanced the relative
sensitivity of the former (Sg = 1.05 %/K for a-Ga,05:Cr>* compared
to Sg = 0.64 %/K for p-Ga,05:Cr>* at 300 K). Thus, the temperature
uncertainty was 0.42 K for B-Ga,0s3 and 0.25 K for a-Ga,0s. In addi-
tion, in the case of B-Ga,05:Cr>*, the LIR dependence followed the
Boltzmann law throughout the analysed temperature range (200-
450 K), whereas it did so only above 270 K for the o polymorph.
This finding is important as this thermal relation facilitates the the-
oretical prediction of the calibration curve. The correlation
between S; and the energy separation between the energies of
the 2E and “T, states revealed that Sg increased with AE. However,
there seemed to an asymptote around Sg = 4 %/K, indicating that
there is a limit to the S that can be realized with this type of ther-
mometer. The authors also demonstrated that this compound can
be used for operando monitoring of the catalytic reaction temper-
ature (ethylene hydrogenation over platinum nanoparticles). An
even wider temperature range (270-700 K) in which the
2E - “A,/*T, - “A, luminescent thermometer follows the Boltz-
mann distribution was reported by Ueda et al. in ZnGa,04:Cr3*
[73]. In this material, due to the spectral overlap between the con-
sidered emission bands, the intensities of the individual bands
were obtained by deconvolution. The high relative sensitivity
(Sg=2.8 %/K at 310 K) resulted from the relatively large energy dis-
tance between the 2E and “T, states (1640 cm™!). An even higher
sensitivity was reported for MgAl,04:Cr®* using the same
approach, where Sg = 3.5 %/K to Sg = 2.9 %/K in the 300-330 K range
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was obtained with 0.3 K temperature uncertainty [29]. Zhu et al.
[74] utilized the LIR of the Ry and R, emission lines of Cr** in ZnAl,-
04:Cr3* and ZnAl,0,4:Cr>*, Mn?*. Their studies indicated that intro-
ducing the Mn?* co-dopant reduced the formation probability of
inversion defects in the spinel structure and thus increased the
energy separation between the R; and R, lines from 32 cm™! to
165 cm~!. Considering this small energy separation, the authors
obtained surprisingly high values of Sz ~ 3.6 %/K and Sz ~ 0.75 %/
K at 77 K for ZnAlL,O4:Cr3*, Mn?* and ZnAl,04:Cr>", respectively.
These results indicate the beneficial effect of the structural order-
ing on the thermometric performance of Cr>*-based luminescent
thermometers. Back et al. developed a ratiometric Cr*>*-based ther-
mometer for the cryogenic temperature range that follows the
Boltzmann distribution in the 40-150 K range. The relatively high
Sk (Sg ~ 2 %/K at 40 K and temperature uncertainty of 0.045-0.77 K
in the 40-150 K temperature range) was achieved by the inten-
tional design of a host material with a small energy gap between
the 2E and “T, states (CaHfO5:Cr>*) based on theoretical calcula-
tions (Fig. 9a and b) [75].

In general, the limitation of the 2E — 4A,/*T, — “A, ratiometric
approach is that the operating temperature range in which such a
thermometer can be used must be limited to prevent thermal cou-
pling between the 2E and “T,, levels. Moreover, the fact that the two
bands spectrally overlap presents additional difficulties in separat-
ing the signals being analysed and thus limits the accuracy of the
temperature determination. Finally, as shown by Back et al., the
maximum Sk achievable by this approach is limited to ~ 4 %/K.

Another luminescence thermometry solution using Cr>* ions
involves exploiting the strongly temperature-dependent Cr** ion
emission as a temperature probe with the additional luminescence
signal as a reference. For this purpose, the luminescence of lan-
thanide ions, which are characterized by lower susceptibility to
thermal quenching of luminescence than Cr®* ions, is the most
commonly applied. Similarly, the emission from defects in the host
materials can be used as an internal reference [76]. From an appli-
cation perspective, it is beneficial to exploit host materials in
which the CFS affecting the Cr>* ions is weak, so that an increase
in temperature causes rapid temperature quenching of the lumi-
nescence. An example of such a thermometer is LiLaP,0;,:Cr*",
Nd3* [77]. In this case, the Cr** ions occupy interstitial positions
due to the lack of octahedrally coordinated crystallographic posi-
tions, which results in an emission spectrum consisting of a broad
band typical of the 4T, — “A, transition. The efficient thermal
quenching of the luminescence resulted in a high relative sensitiv-
ity of Sg = 4.89 %/K at 323 K and sensitivities Sg > 15 %/K for tem-
peratures in the 423-473 K range of a ratiometric Cr’* to Nd>*
(“F3,2 N 12) luminescent thermometer. However, the low lumi-
nescence intensity at temperatures above 423 K negatively
affected the precision of the temperature readout. For luminescent
thermometers based on the intensity ratio between Cr>* and the
luminescence reference, it is important that the optical excitation
be selected to excite both types of ions simultaneously and inde-
pendently to maximize sensitivity. Otherwise, the dominant pro-
cess through which the excited states of Ln>* ions will be
populated will be the Cr** — Ln>* energy transfer, which will neg-
atively affect the sensitivity of the thermometer. An example of
this effect is the result reported for LiLaP4042:Cr>*, Yb3*. Although
the energy separation between the 2Fs, and *F;, levels of Yb**
ions (~10 000 cm™!) limits the probability of nonradiative depop-
ulation of the 2Fs;, level, the lack of higher energy levels enabling
simultaneous excitation of Cr>* and Yb>* caused the sensitivity of
the thermometer to drop to Sz = 0.32 %/K [78] compared to
Sk = 4.89 %/K for its counterpart co-doped with Nd3* ions [77].
The importance of the population channel of the excited level of
the luminescent reference ion through the appropriate choice of
optical excitation wavelength has been proven for the YAG:Cr3*,
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GdsAlGa 0, 4GdsGasO;,) doped with Cr3* ions-d)[40]; a comparison between thermal

dependence of LIR; [Cr*" to *F3j; — *loj> of Nd*'] (blue), LIR, [Cr** to *Fsp2,?Hojz — “loj2 of Nd**] (gray), LIRs [Cr>* to *Fy)2,*S3/2 — 4loj2 of Nd**](red) and LIRror [Cr** to integral
emission intensities of all Nd** emission bands] (green) in YAG:Cr*>*,Nd>* e)[79]; and corresponding maximal (max; at 200 K) physiological (phys; at 303 K) Sg of luminescent
thermometer upon Aexe = 590 nm (grey) and %ex = 650 (pink) nm in YAG:Cr?*,Nd>*-f)[79]; one of the first YAG:Cr>" luminescent temperature sensor device -g)[109]; emission
spectra of Cr** in Si0,-10Al,03-20Zn0-19.95r0-0.1Cr,0 measured as a function of temperature-h)[118]; and corresponding S of the Cr** intensity based luminescent

thermometer-i)[118].

Nd3* system, for which the excitation spectral shift from the exci-
tation wavelength of the energy level of the Nd>* ions (Jexc = 590-
nm) to the wavelength inducing the population of the emitting
level through the Cr** — Nd>* energy transfer pathway (lexc = 650-
nm) resulted in a reduction of the maximum sensitivity from
Sk = 3.3 %/K to Sg = 0.58 %/K (Fig. 9e and f) [79].

As already mentioned, the variation of the Cr’**-0%" distance
significantly modifies the strength of the crystal field interacting
with the Cr** ions and, thus, changes the activation energy of non-
radiative processes. This significantly affects the properties of the
thermometer based on the LIR of Cr** and Nd3*. The change in
CFS is often accomplished by substituting AlI>* ions of smaller ionic
radii for Ga* or Sc* ions of larger ionic radii. As experimentally
confirmed, Cr>* ions occupying Ga>* and Sc3* crystallographic posi-
tions are more susceptible to temperature quenching of lumines-
cence. An example of this effect is the increase in relative
sensitivity for GdsAls010:Cr>*, Nd>* from Sg 12 %/K to
Sg = 1.9 %/K for Gd;Gas01,:Cr>*, Nd** (Fig. 9c and d) [40]. Chen
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et al. used a similar approach for YAG:Cr**, Dy>" and YAG:Cr**,
Eu®*, for which Sg = 2.32 %/K and Sg = 2.43 %/K, respectively [80].
However, in this case, the lower intensity difference between the
Ln3* and Cr®* emission bands for Dy>* co-doped phosphors should
result in more accurate temperature determination. Relatively low
relative sensitivity (Sg = 0.259 %/K) was found for BaAl;50;4:Eu?*,
Cr3* with the ratiometric approach [81]. Such low sensitivity is
probably associated with the population of the Eu* excited state
via the Cr** — Eu®' energy transfer. However, also changing the
cations located in the second coordination zone may significantly
influence the thermometric parameters, as in the case of the
change from La3;Gas0;,:Cr?* to La,LuGas04,:Cr** [41]. In addition,
the difference in ionic radii between the substituent and dopant
ions enables the luminescence properties and thermometric
parameters of Cr>* ion doped materials to be altered by increasing
the dopant ion concentration. Therefore, upon increasing the con-
centration of Cr** ions from 0.06 %Cr>* to 12 %Cr>* in Y5Al,Ga3015, a
change in the emission spectrum from narrowband emission
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characteristic of a strong crystal field to broadband emission asso-
ciated with depopulation of the “T, level and a simultaneous an
increase in relative sensitivity from Sg = 0.17 %/K to Sg = 1.17 %/K
at 423 K were observed [42]. Perisa et al. merged both ratiometric
approaches by showing that in YAG:Cr>*, Dy>*, both LIR of Cr3* to
Dy>* and LIR of 2E — A, to T, — A, can be implemented, yielding
Sr=0.64 %/K at 175 K and Sg = 2.2 %/K at 200 K, respectively [82].
Utilizing the luminescence of Ln®* ions is not the only means of
providing a reference signal for ratiometric thermometers based
on Cr** emission. Ciric et al. proposed the use of emission associ-
ated with structural defects in MgTiO5:Cr>* as a reference lumines-
cence signal for Cr** ions [30]. As has been shown, the emission
band at approximately 480 nm (defect emission) exhibits much
lower susceptibility to temperature changes than the %E — “A,
band luminescence. The intensity ratio between these bands
yielded Sg = 2.62 %/K at 301 K.

One of the trends found in the literature related to the search
for a luminescent reference signal for Cr*>* ion emission is a mixing
of two phosphors, one doped with Cr>* ions and the other usually
doped with Ln>* jons. One advantage of this approach is the possi-
bility of optimizing the stoichiometry of the matrix for the require-
ments of each dopant ion separately. As already mentioned, Cr**
prefers the octahedral crystallographic position, which is not pre-
sent in all matrices. In addition, the desire to reduce the probability
of nonradiative processes, which can lead to a decrease in the
emission intensity of Ln>" ions, necessitates the selection of matri-
ces with low phonon energy, which often involves the lack of crys-
tallographic positions that can be occupied by Cr** ions. In
addition, the use of two separate phosphors practically eliminates
the risk of energy transfers that may occur between Cr** and Ln>*
and that may negatively influence the thermometric parameters.
However, this solution has the drawback of requiring the homo-
geneity of these phosphors to be maintained in practical applica-
tions. As the ratio between the intensities of these ions is a
thermometric parameter and the emission intensity depends on
the phosphor concentration, even small local fluctuations in the
ratio of phosphors can contribute to an unreliable and inaccurate
temperature readout. Zhou et al. proposed using a mixture of
AlLO5:Cr?* and GdVO4:Eu®" for temperature sensing [83,84]. An
interesting aspect of this study was that the researchers used an
excitation wavelength in the sideband of the Eu®>* absorption band.
Thus, an increase in temperature due to the spectral broadening of
this band resulted in an increase in the emission intensity of the
Eu>* ions and, thus, luminescence signals of opposite monotonicity.
The maximum sensitivity, in this case, was Sg = 2.4 %/K in the 300-
753 K temperature range. Qiu et al. reported a much higher sensi-
tivity of Sg = 3.68 %/K for LiAls05:Cr>* and LuPO4:Tb? [85]. Mean-
while, Chen et al. presented ratiometric luminescent
thermometers based on the up-conversion process and reported
low sensitivities of Sg = 0.35 %/K and S = 0.25 %/K at ~ 345 K for
LiGasOs:Cr3*, Yb®*, Ho*" and LiGasOg:Cr®*, Yb**, Er**, respectively
[86] The important aspect of these studies is that the Cr>* emission
was obtained using NIR excitation via up-conversion.

Another interesting idea was to employ the absorption from the
excited state (higher vibronic components) of Cr*>* ions for lumi-
nescence thermometry. In this way, by using appropriately
selected excitation wavelengths (one matched to the absorption
from the ground state and the other from the excited state), it
was possible to obtain opposite thermal monotonicities of the
intensity of the same emission band [87]. This enabled the devel-
opment of single-band ratiometric luminescent thermometers in
YAG:Cr?*, YAIO5:Cr?*, and LiLaP4O;,:Cr>*. The relatively low sensi-
tivities obtained with this approach (max Sg = 0.35 %/K for YAIOs:
Cr**) did not prevent 2D thermal imaging of the temperature dis-
tribution around the resistance wire from being conducted. Ciric
et al. developed a multiparametrical luminescent thermometer
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based on the LIR of the R; and R, emission lines, lifetime of the
2E state, and spectral position of the emission line in Al,O5:Cr>*
coatings created by plasma electrolytic oxidation (S = 4.8 %/K at
20 K, Sg = 0.9 %/K at 450 K, and S, = 0.2 cm~'/K at 550 K, respec-
tively) [88]. These studies indicate that the temperature determi-
nation uncertainties using the lifetime and ratiometric
approaches can be as small as 0.08 K and 0.06 K, respectively. How-
ever, when this approach was applied for Mg,TiO4:Cr>*, much
lower sensitivities were obtained (S = 1.73 %K, Sg = 0.75 %/K,
and S4 = 65 cm™! for the ratiometric, lifetime, and bandshift
approaches, respectively) [76]. These values decreased even fur-
ther to Sg = 0.7 %/K at 310, Sg = 0.92 %/K, and S, = 0.254 cm™!/K
for the ratiometric, lifetime, and bandshift approaches, respec-
tively, in MgSiO4:Cr®* [31] due to the high thermal stability of
the luminescence in this phosphor. Mykhaylyk et al. [89] devel-
oped multiparametric luminescent thermometers on Al,05:Cr>*,
Mn** and analysed the ratiometric (R; to R,), lifetime, and band-
shift thermometric approaches. The authors concluded that the
lowest temperature uncertainty was obtained with the ratiometric
approach and was much smaller when the emission of Cr>* (0.1 K
at 20 K) was considered than for Mn** (0.35 K at 40 K). In a follow-
up study, the authors compared multimodal thermometers based
on Cr** emission (Al,03:Cr’*, Ga,05:Cr3*, Y3Al5042:Cr3*, YAIO;:
Cr®*) [90,91]. Their research revealed that the lowest temperature
determination uncertainty for the ratiometric approach (R; to Ry)
occurred for Al,05:Cr>* (0.06 K), whereas that for the lifetime-
based approach (0.3 K) occurred for Ga,05:Cr3*. No significant dif-
ference in the temperature uncertainty was found with the band-
shift approach. Glais et al. [92] proposed a unique
multiparametric luminescent thermometer based on the persistent
luminescence of Cr** ions in ZnGa,04:Cr>*, Bi** nanocrystals. The
authors evaluated the applicative potential of band broadening,
luminescence intensity ratio between the R; and R; lines, lifetime
of the 2E state, and decay of the persistent luminescence. The high-
est Sg was found in the case of the lifetime-based thermometer
(Sr = 1.93/K). The fact that such a high value was achieved
(Sg = 1.6 %/K) for the case of persistent luminescence decay makes
this phosphor interesting for biomedical applications. This is
because the application of persistent luminescence eliminates the
requirement of phosphor excitation during in vivo temperature
sensing. Some of the first studies directly suggesting the use of
the luminescence decay times of Cr>* jons were presented by Grat-
tan et al. [93] in Al,03:Cr®* in 1991 and by Zhang et al [94] in
BeAl,O4:Cr?* in 1992. These researchers showed that the lumines-
cence kinetics exhibits a monotonic temperature dependence over
the wide temperature range (10-700 K), enabling very good theo-
retical description by using a two-level kinetic model. A relatively
large group of Cr3*-based luminescent thermometers exploits the
luminescence kinetics (generally of the 2E state). In the case of a
lifetime-based thermometer using BaAl;,0,9:Eu®*, Cr3*, only
Sk = 0.466 %/K at 366 K has been reported [81]. Another example
exploiting the multiphase glass ceramics was the combination of
CaF,:Er** with ZnAl,0,4:Cr** [95]. By placing each dopant ion in a
separate structure, it was possible to eliminate the energy transfer
between them. The maximum sensitivity of the thermometer
based on the luminescence kinetics of Cr®* ions was Sg = 0.67 %/K
at 535 K. In the case of Ga,05:Cr>" in the glass ceramic of Ga,0s:
Cr3*, YF5:Er®", Yb*" composition, Sg = 0.59 %/K was obtained at
386 K [96], whereas the modification of one glass ceramic compo-
nent (Ga,03:Cr**, LaF3:Er", Yb®*) slightly increased Sk to 0.66 %/K
at 500 K [97]. Chen used lifetime-based thermometry to assess
the thermometric properties of the 2E state level of Cr’* ions in
ceramics, achieving maximum Sk of 0.76 %/K (at 295 K), 0.46 %/K
(at 370 K), and 0.58 %/K (at 420 K). Similarly, Borisov et al. reported
Sr =0.97 %/K at 274 K for YAI3(BOs)4:Cr3* [43]. Elzbieciak et al. con-
ducted systematic studies of the thermometric performance of
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lifetime-based Cr**-doped thermometers using the average life-
time estimation method and a high concentration of Cr>* (2 %mo-
lar) to achieve a nonexponential decay profile shape. The most
important conclusion was that the lifetime estimation method
may affect not only the lifetime itself, but also its thermal depen-
dence and thus the relative sensitivity [98].

Although not discussed by the authors, some general tendencies
can be observed from the presented studies. It appears that the
higher the CFS, the higher the temperature at which the maximum
Sgris achieved. This tendency is expected because, except in the low
crystal field approximation, the CFS defines the energy separation
between the 2E and “T, states. Qiu et al. [85] and Li et al. [99]
reported Sg = 0.8 %/K for LiAlsOg: Cr** [100]. Li et al. obtained a sim-
ilar value of Sg = 0.81 %/K at 503 K for ZnAl,0,4:Cr*>* nanocrystals
[101]. However, as shown by Chen et al., changing host material
composition to LiGasOs:Cr>* enables SR to be increased to 1.1 %/
K, which can be explained by the lower activation energy associ-
ated with the lowering of the CFS [102]. An even more illustrative
example of this tendency was presented by the same group for
Bi»(Al/Ga)400:Cr3* when the lowering the CFS associated with the
change of the AI>* to Ga>* molar ratio led to an increase in the sen-
sitivity of the lifetime-based thermometer from ~ Sg = 0.7 %/K for
Bi»Al40q:Cr* to Sk = 3.26 %/K for Bi,Ga,Al,0q [44]. Wang et al. pre-
sented very interesting studies for the CaF,:Cr’* glass ceramic, in
which they demonstrated the influence of replacing 0>~ with F~
on the thermometric performance of the lifetime-based lumines-
cent thermometers [103]. The enriching of the glass ceramics with
F~ ions led to a decrease in the CFS, inducing greater separation
between the 2E and “T, states. Meanwhile, for the 0%~ coordinated
Cr3*, the emission from the 2E state was dominant, and enriching
the glass ceramic with F~ ions led to emission spectrum changes
including the occurrence of the 4T, — “A, emission band. The rel-
ative sensitivity of the 0>~ coordinated Cr** was found to be higher
(Sg = 0.76 %/K at 498 K) than that of the F~ coordinated one
(Sg = 0.47 %/K at 351 K). Mondal et al. reported a highly sensitive
Cr*-based lifetime luminescent thermometer for ZnGa,0,4:Cr**,
which achieved Sg = 1.8 %/K at 450 K. However, as discussed by
the authors, the defect contribution to the Cr** excited level popu-
lation was responsible for the high thermal dependence of the Cr**
lifetime. As confirmation of this hypothesis, the thermal depen-
dences of the 2E state lifetime for different excitation wavelengths
used for thermometry were presented [104]. Although most schol-
ars investigating lifetime-based luminescent thermometers have
employed time-domain methods, Venturini et al. showed that
the results obtained with frequency-domain detection schemes
are also promising, using the example of YAl3(BO3)4:Cr’* [105].
Seeking new temperature sensors based on luminescence phenom-
ena for use in imaging engine compartments during combustion,
whose temperature readings should be independent of the gas
composition and its pressure in the compartment, Fuhrmann
et al. presented a GdsGasO,,:Cr3* lifetime-based thermometer
[106].

The early work on thermometry based on the luminescence
decay times of Cr** jons was not limited to materials research,
but rather was mainly motivated by applications. Simple Cr**-
based fiber optic thermometers were constructed and described
in the second half of the 20th century. Anghel et al. confirmed that
the calibration curve of an Al,05:Cr>*-based fiber optic tempera-
ture probe perfectly matched the previously reported data for a
single crystal in the 200-350 K temperature range [107] and even
up to 700 K [108]. Also YAG:Cr*>* was used as for this purpose
(Fig. 9g) [109].

The performed tests confirmed the high reliability of tempera-
ture determination using this system. Similar investigations per-
formed on magnesium-rich olivine (Mg,Fe)SiO4:Cr** indicated
that much shorter lifetimes occurred in the latter case (7 ~ 20 ps
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at 200 K) and that the lifetime was shortened only above 250 K
[110]. The lifetime of the 2E state obtained using the time domain
in Al,O5:Cr>* coating on an alumina plate was applied to study the
wall temperatures and heat fluxes from nearly-one-dimensional
flat premixed flames [111] and in a form of Al,05:Cr>* sheet using
a phase-shift technique [112]. Pflitsch et al. revealed that this
phosphor material can be successfully used for temperature sens-
ing in the form of thin films deposited by thermal CVD on Si(100)
and stainless steel [113]. Glais et al. demonstrated that the lumi-
nescence decay kinetics of Cr3* ions can be successfully used to
take temperature readings during light-stimulated system heating
[114]. For this purpose, gold nanorods were used as light-to-heat
converters and ZnGa,0,4:Cr>* was utilized as a temperature probe.

53.2.cr*

The use of chromium in the Cr*" oxidation state for lumines-
cence thermometry has only been described in one paper so far,
due to the relatively stringent material parameters that the lumi-
nescent matrix must satisfy in order for Cr** luminescence to be
observed. First of all, Cr** ions with the d? electron configuration
preferentially occupy tetrahedral crystallographic positions. In
addition, the small energy distance between the B, (°T,) and >B;
(3A,) levels makes the 3B, (°T) level strongly susceptible to nonra-
diative luminescence quenching. In addition, the fact that these
ions are characterized by d? electronic configurations results in
the 3T, emitting level being very often efficiently quenched by
non-radiative processes. In order to increase the energy distance
between the 3T, and ground A, levels, host material with a high
crystal field strength should be chosen. In addition, host materials
with low phonon energies should favorably reduce the nonradia-
tive depopulation of the excited level. Moreover, Cr** is thermody-
namically a much more stable oxidation state than Cr**; hence,
stabilizing Cr** involves a charge compensation procedure. Chen
et al. developed a luminescence thermometer using the lumines-
cence intensity of the 3B, (°T,) — >B; (?A,) band occurring at
approximately 1230 nm to measure the temperature in Ca,Al,SiO5:
Cr** [115]. Although the luminescence intensity decreased mono-
tonically as a function of temperature, the resulting sensitivities
were relatively low, reaching 0.61 %/K, with relatively low mea-
surement reliability of the intensity-based luminescence ther-
mometers (Fig. 9 h and 1i). Thermal shortening of the
luminescence lifetime enabled the development of a lifetime-
based thermometer with Sg = 0.25 %/K. In addition to this study,
Cr** was used as an energy mediating ion between Nd** and Er?*
ions, increasing the sensitivity of the ratiometric luminescence
thermometer to Nd>* and Er’*, but this issue is not the focus of
the present work [116].

5.4. Manganese

Manganese luminescence centres occur in many oxidation
states, from 1 + to 7 +. So far, the luminescence properties of man-
ganese have been mostly exploited for Mn?*, Mn®*, Mn*", and
Mn>*. This great diversity in electronic configurations (from 3d°
for Mn?* to 3d? for Mn>*) together with the possibility of Mn ion
positioning in tetrahedrally and octahedrally coordinated crystal-
lographic sites allows enables the tuning of the spectroscopic prop-
erties of manganese-activated materials over a wide spectral
range. Hence, the immense popularity of luminescent thermome-
ters using manganese ions is evidenced by the number of papers
on this topic.

5.4.1. Mn**

Mn?* ions with the d° electron configuration are among the
most popular luminescent centres used for luminescence ther-
mometry, along with Mn** [119]. The high susceptibility of the
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Mn?* emission intensity (*T; > SA; electronic transition) to the
temperature provides intensity-based luminescent thermometers
with high relative sensitivities, such as those of ZnS:Mn?* [120]
or Zn,G,04.Mn?* (S = 49 %/K) [121] and Ca,SiO4:Mn?*
(Sp=4.18 %/K at 370 K) [122]. However, the reliability of the single
band intensity thermometry approach is very low.

The spectral position of the “T; — ®A; emission band of Mn?*
ions depends on the strength of the crystal field acting on the
Mn?* ions and their coordination and varies among different host
materials from the green to red spectral region. As most known
Mn?*-activated phosphors emit in the green spectral region, red
emitting phosphors are typically utilized to obtain emission refer-
ences in ratiometric intensity thermometry. Among the most pop-
ular solutions are Eu*-activated phosphors. These materials have
low susceptibility to temperature quenching of emission, which
results from a large separation in energy between the emitting
5Dy level and the lower ’Fg level of Eu®*. The typical example of
such a luminescent thermometer was presented by Yao et al,
who employed Zn,GeO4:Mn?*, Eu* [123]. The high temperature
stability of the Eu® emission of this phosphor produced
Sk = 1.96 %/K over the 293-353 K temperature range. In the case
of GdF5:Ce**, Mn?", Eu®*, a much lower Sk = 1.32 %/K was achieved
[124].

In addition to Eu®*, many other co-dopant ions are used to
develop ratiometric thermometers. Fu et al. presented very inter-
esting results for K;ZnSc,Bi5050:Mn?* [125]. In this material,
Mn?* ions occupy the crystallographic positions of Zn?* and Sc3*
ions. As the Mn?" concentration increases, the luminescence inten-
sity of the Mn?" ions located at the Sc* position increases with a
respect to the luminescence of Mn?* at the Zn?" sites. In addition,
the luminescence intensities of Mn?" ions in these two types of
sites have different dependences on temperature changes, so the
ratio of their emission intensities can be used as a thermometric
parameter that reaches a sensitivity of Sg = 1.84 %/K at 520 K. Much
lower sensitivity was reported when the Ce>* emission intensity
was used as a reference in NaMgBO;:Ce3*, Mn?* (Sg = 0.69 %/K)
[126]. In Sr,P,07:Mn?*, Sn?*, the emission intensity of Mn?* was
quenched much more rapidly at elevated temperatures than the
emission band of Sn?* [127]. Hence, the emission color changes
from white at 293 K to blue at 623 K. Unfortunately, the authors
only calculated S, = 0.027 K~ at 623 K. A very interesting effect
was found for (Ca,Sr);oLi(PO,);:Ce3*, Mn?* at elevated tempera-
tures [128]. In this material, the increase in temperature results
in a slight decrease in the Ce3* emission intensity and intensity
enhancement and a spectral position shift of the Mn?" emission
band. Opposite trends of the luminescence signal dependences
on temperature were exploited for the temperature readout.
Unfortunately, the small thermal variation of LIR yielded a low
Sk = 0.40 %/K at 470 K. Lojpur et al. exploited the defect emission
as a reference signal for Mn?*-based luminescent thermometers
in ZnSi04:Mn?* reporting Sz = 6.5 %/K at 573 K [129]. A similar
approach was been proposed by Jiang et al [130] for the
(C4H9NH3)2MHI4.

The point symmetry of the crystallographic position often
induces the oxidation state on which the manganese ions occur.
Therefore, when both tetrahedral and octahedral crystallographic
positions are present in the structure, the emission of both Mn?*
and Mn*" may be observed. The difference between the electronic
configurations of these luminescence centres affects the different
sensitivities of their emission intensities to temperature changes,
and ratiometric Mn?*/Mn*" thermometers can be developed. This
exact approach was proposed in BagsSrgsAly193019: Mn?*, Mn**
yielding S = 4.37 %/K [131]. The Mn**-to-Mn?* emission intensity
ratio strongly depends on the host material composition. For a host
material with a high molar ratio of Ba?* ions, the Mn?* emission
intensity is dominant, whereas when the Sr?* ions are dominant,
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the Mn** emission intensity is much stronger than that of Mn2*.
In this case, the high thermal stability of the Mn?* emission with
respect to the Mn** emission is responsible for a high Sg. As shown
by Dong et al., the substitution of Ga** with AI** significantly
decreases the luminescence intensity of Mn?* with respect to
Mn** in Zn(Ga/Al),0,4, which may affect the accuracy of thermom-
etry at low temperatures in ZnAl,04:Mn (Fig. 10a) [52]. Slightly
lower values of Sg (Sg = 3.47 %/K) have been obtained using the
same approach for ZnGa,0,:Mn?*, Mn** [132]. In LaM; _,Al;;_yO1g
(M = Mg, Zn) materials, a much higher Sz was obtained with zinc
(Sg = 9 %/K) than with magnesium (Sg = 1.5 %/K) [133]. The higher
resistance of Mn?" emission to the thermal quenching of the zinc-
based host material is responsible for the high sensitivity. For Nas-
Sc,P5045: Eu?*, Mn?*, only Sg = 1.556 %/K [134] has been found due
to the strong thermal susceptibility of the emission of both ions.
However, as demonstrated previously, the luminescence intensity
of Mn?* is strongly dependent on temperature variations, and the
intensity of the “T; — ®A; transition has been used as a lumines-
cence reference with semiconductor quantum dots. The higher
variability of the emission of quantum dots with respect to Mn?*
enabled the creation of a ratiometric thermometer with a sensitiv-
ity of Sg = 0.58 %/K [135].

The *T; level of Mn?* ions is known for its long excited state life-
time, which is very beneficial for luminescence thermal imaging as
long lifetimes enable the use of long time delays and gates during
signal acquisition. This in turn increases the imaging accuracy by
improving the signal-to-noise ratio. It is therefore surprising that,
to the best of our knowledge, only one study has dealt with lumi-
nescent thermometers based on the lifetime of this level. Specifi-
cally, Xue et al. demonstrated that the use of Mn?* jon lifetimes
in Zn,GeO4:Mn?* provides Sg = 0.74 %/K [121].

The strategy of mixing two phosphors discussed for Cr>* has
been also employed for Mn?* ratiometric thermometers. Gong
et al. exploited the g-CsN4 emission intensity as a reference signal
for a Mn?*-based temperature probe in a CagY(PO,);:Ce>*, Mn?*/g-
C3N4 composite, achieving Sg = 1.673 %/K at 547 K [136]. Another
illustration of the mixing of two phosphors is the glass ceramic
with GdF3:Tm*" and Ga,05:Mn?* [137]. The maximum relative
sensitivity obtained with this probe was 1.78 %/K at 543 K. Rela-
tively good thermometric parameters were obtained for the mix-
ture of Zn,Si0, Mn?*-Gd,0; Eu3* [138] Here, Sz = 3.05 %/K
resulted from the small activation energy for the nonradiative
depopulation of the “T; state and, thus, the efficient thermal
quenching of the Mn?* emission intensity.

5.4.2. Mn®*

The d* electronic configuration of Mn>* results in the splitting of
the °E ground state by the Jahn-Teller effect into two components:
5E’ and °E”. The displacement in the wavevector domain between
the ground levels and emitting °T, state results in the broad emis-
sion band associated with the T, — °E electronic transition.
Because it is relatively difficult to stabilize Mn>* than the much
more thermodynamically favourable Mn?* and Mn*", the number
of reports devoted to Mn>* luminescence and thermometry is very
small. Trejgis et al. firstly reported using the Mn3* emission inten-
sity for temperature sensing, employing YAG:Mn>*, Mn*" and YAG:
Mn3*, Mn?", Nd>'[139]. The strong thermal variation of the Mn>*
emission intensity and weak thermal dependence of the Nd**
emission enabled the development of a ratiometric thermometer
with Sg = 2 %/K at 250 K, whereas Mn3*-to-Mn*" LIR enables tem-
perature readout with Sz = 1.6 %/K at 220 K. The luminescence
decay time of the °T, state was found to be drastically shortened
above 220 K. Thus, a lifetime-based thermometer of high sensitiv-
ity was developed using Y3Al50,,:0.01 %Mn with Si = 2.69 %/K at
350 K. The extension of this study involved the evaluation of the
role of the host material composition on the lifetime-based
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Fig. 10. Temperature-dependent emission spectra of ZnGa,04:Mn?*Mn** -a) [52]; thermal dependence of emission spectra and integrated emission intensity of YAG:Mn**
b) [80]; -images of the emitted light by the Sr4Al;40,5:Mn**, Tb>* luminescent thermometer at different temperatures - c) [53]; The relative integrated intensity of the four

samples as a function of working temperature (273-473 K) in Mg14GesA5024:Mn** (A = Si**, Ti**, Sn**) -

d) [150]; The temperature dependence of the Mn emission lifetime

symbols); the red line represent fit, the absolute and relative sensitivity respectively, and the temperature resolution of thermometry in Li; gNag,TiO5:Mn*" -e ; the
(symbols); the red li fit, the absol d relati ivel d th luti f th in Li; gNag,TiOs:Mn** -e) [161]; th

influence of the metal-oxygen distance on the relative sensitivity of the Mn

4" rise time based luminescent thermometers -f) [33]; and the decay time based thermometers-g)

[33]; the influence of the temperature at which Sgmayx Of the rise time based -h) [33]; and decay time based thermometers- in YAG:Mn>**,Mn*", GAG:Mn>* Mn*, GGG:Mn*",
Mn*, LuAG:Mn?*,Mn*",i) [33]; Temperature measurement results of jet impingement cooling using the Mg4FGeOgs:Mn**-based rise time method: temperature cloud chart-j)
[163]; comparison of the images of the light emitted by Sr4Al;40,5:Mn**, Tb>* thermographic phosphor (upper images) and the thermal cameras (lower images) during heat

diffusion -k) [53].

thermometer performance with GsAls015:Mn>*, Mn*"; Ga3Gas042:
Mn?*, Mn*"; Lu3AlsO;2:Mn>*, Mn*"; YsAls0;5:Mn®*, Mn*"; and
YAIO3:Mn>*, Mn** [33]. In this group of nanocrystals, upon excita-
tion in the absorption band of Mn>”, the kinetics of the Mn** emis-
sion revealed the rise time associated with the Mn** — Mn*
energy transfer. It was found that the temperature at which the
rise time was shortened by half (Ty;) was sublinearly correlated
with the CFS of the host material. The highest value of Sg based
on the rise time was achieved for GdsAls0;2:Mn®*, Mn*
(Sg = 2.08 %/K at 249 K). Wang et al. employed a very similar

20

approach to that reported by Trejgis et al. using CazGa,Ges0q;:
Mn?*, Mn**, which yielded Sg = 6 %/K at 33 K [140]. Jahanbazi
et al. developed a Mn>*/Tb" ratiometric thermometer with La,Zr,-
07:Tb3*, Mn>* nanoparticles that presented Sg = 1.82 %/K at 298 K
[141].

5.4.3. Mn**

The most extensively investigated manganese luminescence
centre in thermometry is Mn*" (d® electronic configuration) due
to its well-known red/deep red emission associated with the
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2E - “A, electronic transition. The Mn** ions always experience a
strong crystal field and their 2E state energy only weakly depends
on the host material composition. Thus, the emission band of Mn**
is centred between 617 nm (NaSiFg:Mn*" [142]) and 723 nm
(SrTiO3:Mn** [143]). The close proximity of the 2E and “T excited
states facilitates their thermal coupling and, thus, the efficient
quenching of the 2E emission intensity and shortening of the 2E
lifetime at elevated temperatures. In the case of Mn**, three ratio-
metric temperature sensing approaches have been reported: (i) the
LIR of the anti-Stokes to Stokes part of the 2E — #A, emission band,
(ii) the LIR between 2E and *T, emissions, and (iii) the ratio of this
band to the emission intensity of the reference signal. In the first
case, relatively low sensitivities are usually reported. Cai et al.
[144] proposed this approach in Y,MgTiOg:Mn*", achieving
0.14 %/K at 153 K. Yang et al. compared the thermometric perfor-
mance of Mg>sGe7 55.4Gax032F1504:Mn*" upon direct and sideband
excitations [145]. When side band excitation was used, the emis-
sion intensity increased with temperature, which resulted in the
thermal enhancement of Sg from 0.42 %/K for Zexc = 410 nm (direct
excitation) to 0.68 %/K for /ex. = 460 nm (sideband excitation) in
the anti-Stokes to Stokes LIR approach. Similarly, Yang et al. found
Sg = 0.42 %/K in SrAl;,079:Mn*" [146]. The emission intensity ratio
of the anti-Stokes to Stokes part of the 2E — “T, emission band in
Cs,;WO,F,:Mn*" provided Si = 0.21 %/K at 167 K [147]. Cai et al.
performed systematic studies of the influence of the excitation
density on the thermometric properties of Na,WO,F4:Mn** [148].
For this purpose, three intensities ratios were considered: those
between the (i) anti-Stokes part of the spectrum and the zero-
phonon line, (ii) anti-Stokes part and Stokes part of the spectrum,
and (ii) anti-Stokes part of the spectrum and the integral intensity
of the zero phonon line and Stokes part of the spectrum. Due to the
light-induced heating effect on the thermal equilibrium between
the 2E and “T, states, Sy was found to be slightly dependent on
the excitation density (a change in excitation density by approxi-
mately 1 W/cm? decreased S by approximately 10 %). The highest
S was found in the first case with Sz = 0.658 %/K at 193 K. The
detailed analysis of the thermometric parameters of Mg,FGeOg:
Mn*" performed by Fuhrmann et al. revealed that the lifetime
approach was superior in terms of accuracy, precision, and cross-
sensitivity compared to the LIR method [149]. Liang et al. demon-
strated how the precise optimization of the matrix stoichiometry
and geometry of the polyhedron occupied by Mn** ions by cation
substitution enables the modulation of the thermometric proper-
ties of the phosphor (Fig. 10d) [150]. This comprehensive research
enabled the selection of the optimal phosphor that enabled the
achievement of the highest sensitivity ever reported for a ther-
mometer based on the anti-Stokes to Stokes part of the 2E — “A,
emission band in Mg;4GesTig50.4:Mn*" (Sg = 2.71 %/K at 97 K).
Much higher sensitivities were achieved when the Mn*" to Ln3*
emission intensity ratio was considered as a thermometric param-
eter. Although only Sg = 0.7 %/K at 303 K for LuzAls045:Eu®", Mn**
[151] and Sk = 0.89 %/K at ~ 520 K for La,LiSbOg:Mn**, Eu>* were
reported [152] Sg = 2.43 %/K and Sk = 2.75 %/K were found for
LaTiSbOg:Mn** using the ratiometric and lifetime approaches
[153]. Chen et al. found a very high thermal variability of the
Ce®* to Mn*" emission intensity ratio in LusAls0;,:Ce®", Mn**,
and rapid thermal quenching of the Mn** emission intensity above
25 K resulted in Sg = 4.37 %/K at 350 K [154]. This quenching was
reflected in the shortening of the 2E state lifetime with
Sk = 3.22 %/K at 350 K. Sg = 2.18 %/K was found for SrLaLiTeOg:
Mn*, Dy>* [51] and Sg = 4.3 %/K was obtained for Lus;Als0;5:
Mn**/Tb® [155]. As has been shown by Chen et al., even though
Cr** and Mn** have the same electronic configuration, the differ-
ence in the energy separation between the 2E and “T, states results
in a much higher S; for YAG:Mn**, Eu®>* and YAG:Mn**, Dy>* of
Sk = 4.81 %|K and S = 3.16 %/K, respectively, compared to
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Sr = 2.43 %/K and Sg = 2.32 %/K for the Cr**-based counterparts
(Fig. 10b) [80]. Using the luminescence intensity ratio as the ratio
between the integrated intensities of the Eu®>* °Dy — ’F; transition
and the Mn** 2E - “A, manyfold, a maximum relative sensitivity of
5.06 %/K at 321 K was found in YAG:Mn**, Eu>* nanoparticles [ 156].
In the case of SrLaLiTeOg:Mn**, Dy?*, the LIR between Mn** and
Dy?* emissions provides Si = 1.6 %/K [51]. As was already stated
in this manuscript, the lanthanide ions not only provide lumines-
cence reference information, but also are responsible for the
energy transfer channel that causes the increase in the quenching
rate of the Mn** emission intensity. In LaGaOs;:Mn*", Sm**, the
presence of Sm3* co-dopant led to an increase in the thermal
quenching rate of Mn**, and Mn** — Sm>* energy transfer caused
thermal enhancement of the Sm3* emission intensity [157]. The
outcome of these processes is the change in the emission color
from red to yellow at elevated temperatures and Sk = 2.09 %/K at
423 K. Piotrowski et al. were the first to demonstrate that Mn**
ion emission can be used for thermal imaging (Fig. 10c and k)
[53]. Using the strong temperature quenching of the luminescence
in Sr4Al;40,5:Mn**, Tb3*, the authors observed a color change of
the emitted light from red (R; for temperatures below 273 K) to
green (G; for temperatures above 473 K). This color change
occurred due to the different thermal quenching of the green
(Tb®**) and red (Mn**) emissions and provided the opportunity to
detect these emissions separately in the G and R channels of a com-
mercial digital camera. Therefore, using the proposed approach, a
digital camera can be utilized to read temperature without the
need for additional optical filters. The proposed solution enabled
dynamic analysis of the heat diffusion in a heated quartz tube filled
with a luminophore. The maximum sensitivity recorded was
Sk = 2.8 %/K at 423 K. In addition, to quantify the thermochromic
performance, the authors determined the sensitivities based on
the variations of the chromatic coordinates (CIE 1931) of
Sr(x) = 0.6 %/K and Sg(y) = 0.4 %/K. On the other hand, when the
Bi**, Mn** co-doped system (Ca;4Al;9Zng035:Bi>*, Mn**) was anal-
ysed, the Mn** emission intensity revealed a much lower thermal
susceptibility than the Bi>* emission intensity [158]. Thus,
Sk = 1.21 %/K was reported. Zhang et al. [159] employed a similar
approach for Gd,ZnTiOg:Bi3*, Mn** (S = 2.4 %/K).

It is worth noting that the highest values of Sg for lifetime-based
luminescence thermometers with Mn*'-doped phosphors have
been found in the physiologically relevant temperature range
(273-350 K) [46,47,144,146,150,153,155,160-163]. Considering
that their emission bands are located in the spectral range of the
first biological transparency window, Mn*"-doped thermometers
are interesting from a biomedical application perspective. How-
ever, the excitation bands of Mn*" in the UV range limit the appli-
cation potential of this kind of temperature probe. Dramicanin
et al. performed detailed studies on the evaluation of the thermo-
metric performance of lifetime-based thermometry in Li,TiO5:Mn*
[162]. According to their results, this phosphor can be applied in
the 10-350 K temperature range with the best performance in
the biologically relevant temperature range where Sg = 3.21 %/K
was obtained. Importantly, the calibration curve of lifetime versus
temperature perfectly fits the cross-over model. The partial substi-
tution of the lithium ions with sodium ions (Li; gNag,TiO5:Mn*")
negatively affected the thermometric performance of this phos-
phor (Sg = 2.27 %/K at 330 K) (Fig. 10e) [161]. Another representa-
tive of the titanate family (Mg,TiO4:Mn** [164]) yielded a much
smaller thermal variation of the 2E state lifetime with Sg = 0.8 %/
K at 353 K. Cai et al. investigated the rise time of the Mn** kinetics
in MgFGeOg:Mn** phosphor as a thermometric parameter (Fig. 10j)
[163]. The faster population of the %E excited state at elevated tem-
perature resulted in the subexponential shortening of the rise time
as a function of temperature, yielding Sk = 0.29 %/K at 475 K with a
temperature uncertainty of approximately 3 K in the 300-675 K
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temperature range. Although the rise time was found to be inde-
pendent of the excitation duration, some shortening of its value
with the excitation density was found. This characteristic could
have affected the reliability of temperature determination when
fluctuation in the excitation occurred during the experiment. Nev-
ertheless, the authors proved the high application potential of this
approach in a 2D experiment investigating the temperature distri-
bution from steady jet impingement on a copper plate. Kissel et al.
also used the decay of the Mn** emission in this compound for
temperature readout [165]. Efficient quenching of the 2E state in
LusAls012:Mn** enables the achievement of one of the highest rel-
ative sensitivities among Mn*" lifetime-based thermometers
(Sg = 6.35 %/K at 345 K) [46]. However, very high values were
reported also for Y;GasOq2:Mn** (Sg = 6.09 %/K) and LusGasO;,:
Mn** (Sg = 5.14 %/K) [166]. As Mn*" occupies the octahedral crys-
tallographic site, its spectroscopic and, thus, thermometric param-
eters can be modified to some extent by the CFS. As shown in the
series of garnet materials (GAG:Mn>*, Mn**, GGG:Mn>*, Mn**,
LuAG:Mn?*, Mn*, and YAG:Mn**, Mn*") and perovskite (YAIOs:
Mn>*, Mn**) the linear correlation between the thermal quenching
temperature and, thus, the temperature at which the maximum Sg
can be obtained is a linear function of the CFS and reversibly pro-
portional to R™> (Fig. 10f-i) [33]. For BaLaMgNbOg:Dy>*, Mn**,
Sr=2.43 %/K[167] and Sg = 1.82 %K were reported for the for life-
time and ratiometric approaches, whereas for SrgsBagsAl1201s:
Mn*", Sg = 4.48 %/K for Mn*" [131]. The thermometric properties
on the kinetics of the 2E state in Li4TisO;2:Mn*" were found to be
beneficial for the biologically relevant temperature range, with
Sk = 2.6 %/K at 330 K [168].

By mixing Y,05:Ho>" with MgTiO4:Mn**, Sekulic et al. obtained
Sk = 4.61 %/K with a temperature uncertainty around 0.1 K [169].
Even higher relative sensitivity was reported for a Y,05:Dy>* and
Li,TiO3:Mn** mixture, for which Sk = 4.34 %/K with the ratiometric
approach and Sk = 6.67 %/K with the 2E lifetime-based approach
[170].

Glais et al. reported a multiparametric luminescent thermome-
ter based on MgTiO5:Mn** in which three different thermometric
parameters were analysed: (1) the luminescence intensity ratio
between the R; and R, lines of Mn*', (2) the emission intensity
ratio between the 2E and “T, emission bands, and (3) the lifetime
of the 2E state [171]. The best thermometric performance was
found for the lifetime-based approach, with Sg = 4.1 %/K at 277 K
and 0.025 K temperature determination uncertainty, whereas only
Sk =0.9 %/K and Sg = 1.2 %/K were obtained with the first and sec-
ond approaches. A multiparametric thermometer, reported by Tre-
jgis et al., was developed based on SrTiO3:Mn** and SrTiO;:Mn**,
Ln3* and showed that the Mn** emission intensity, E to “T, emis-
sion intensity ratio, and lifetime of the 2E state could be applied for
temperature sensing with Sg = 8.67 %/K, Sg = 4.5 %/K, and Sg = 3.5 %/
K, respectively [47]. When the LIR of Mn*" to Eu®** was used,
Sk = 5.64 %[K was achieved. However, an interesting effect was
noticed when Ln>* was used as a co-dopant to substitute the Sr?*
sites. The change compensation effect led to the stabilization of
the Ti>* state [160]. As Ti>* is actively luminescent, its presence
in the nanocrystals provided an additional channel for the nonra-
diative depopulation of the 2E state. Therefore, in follow-up stud-
ies, Piotrowski et al. proved that the sensitivity of lifetime-based
thermometers could be enhanced from Sz = 3.5 %/K for SrTiOs:
Mn*" to Sg = 3.87 %/K for SrTiOs:Mn**, Lu>** nanocrystals. The coop-
eration of Mn** - Ti>** and Mn*" - Er>* energy transfer produced
Sg = 5.1 %/K for SrTiO5:Mn**, Er*".

5.4.4. Mn>*

In recent years, an increased interest in luminescence ther-
mometry using the luminescence properties of Mn>* ions has been
observed. Mn>* is an interesting luminescent centre as it provides
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an intense and a narrow emission band in the spectral range from
1100 nm to 1300 nm, which corresponds to the second biological
optical transparency window, and its luminescence can be excited
by wavelengths from the first optical window. This feature is of
great importance for potential biological applications. To facilitate
Mn>* emission, the material needs to provide both the tetrahedral
environment for Mn®>" and a sufficiently large energy bandgap
compared to the Mn®* transitions’ energies. More importantly,
the host material must provide the stabilization of the Mn 5+
valence state, which imposes more constraints on the materials’
structure and composition than the 2+ and 4+ valance states. For
these reasons, most of the host materials for Mn®* emission con-
tain electropositive ions such as alkaline earth metals, and POz
and VO3 groups (or SiOf group with a charge compensation).
Gschwend et al. proposed a ratiometric thermometer based on
the intensity ratio of the Mn>" 'E state emission and vibronic emis-
sion in the Bas(PO,4),:Mn>* and found Sg = 0.43 %/K [172]. The
authors also provided experimental confirmation of the usability
of this phosphor for deep tissue imaging. Ristic et al. proved that
the thermal variability of the IE state in (Sr/Ba)3(P04),:Mn>* can
be used for lifetime-based thermometry. By replacing Sr?* with
Ba?*, the spectral position of the 'E — 3A, emission band can be
shifted from 1173 nm to 1191 nm [173]. The modification of the
CFS associated with this substitution modifies the thermal shorten-
ing decay rate of the 'E emission. The highest Sg = 1 %/K was
obtained for Bas(PO4),:Mn°*. As discussed in [172 and 173], tem-
perature can be read from various features of Mn>* photolumines-
cence. These can be steady-state features like emission intensity,
peak position, and emission intensity ratio or the time-resolved
like 'E level lifetime. Regarding the complexity and the cost of
equipment, time-integrated measurements are favorable to time-
resolved ones since they are simpler and cheaper. The ratio of
intensities of 'E and vibronic emissions [172] and 'E level lifetime
provide self-referencing, while other read-outs require the external
reference. In principle, lifetime-based thermometry has lower
uncertainty in measurement compared to intensity-based mea-
surements, and, thus, a better temperature resolution can be
achieved. However, the uncertainty will be determent from the
performance of equipment used in an actual experiment.

5.5. Iron

The luminescence properties of iron ions are rarely described in
the literature and mostly limited to the emission of Fe*. Generally,
Fe®* is considered a luminescence quencher in optical spec-
troscopy. Recently, Fe**-activated phosphors have garnered atten-
tion for broadband NIR emitting phosphor applications [174-176]
as well as for luminescence thermometry. Kniec et al. reported that
in LiAlsOg, Fe** ions (with a d° electron configuration) occupy the
octahedral AI** crystallographic positions and their intense emis-
sion associated with the “T; (*G) — ®A; (°S) electron transition
strongly decreases with increasing temperature. However, the sen-
sitivity of the LiAl;0g:Fe3*, Nd>* ratiometric thermometer reached
a maximum of Sgmax = 0.56 %/K at 193 K. As suggested by the
authors a significant advantage of this thermometer is its very
intense luminescence [177]. However, neither luminescence
brightness nor luminescence quantum efficiency was not pre-
sented to support this claim. Much higher sensitivity values were
obtained for garnet materials co-doped with Fe**, Cr®*, and Nd>*:
5.90 %/K (at 373 K) for Lu3GasOq,, 1.68 %/K (at 323 K) for
Y3Gas01,, and 1.57 %/K (at 323 K) for GasGas04,. In addition, the
maximum sensitivity of the ratiometric luminescence thermome-
ter based on the ratio of the emission intensity of Fe3* to Nd**
decreased almost linearly with increasing CFS, which was
explained based on the Tanabe-Sugano diagram for the d® configu-
ration [176]. On the other hand, in Mal,0;:Fe** (M = Ca, Sr, Ba)
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Fig. 11. Schematic visualization of the modification of the spectroscopic and thermometric properties of the Fe** based luminescence thermometers by the change of the host
material stoichiometry in AB,04:Fe>* (A = Mg, Ca, B = Al, Ga)-a) [175]; the Fe>* emission intensity as a function of temperature in MgAl,0,:Fe3*, MgGa,04:Fe**, CaAl,0,4:Fe*,
and CaGa,04:Fe® -b) [175]; the temperature at which the emission intensity is at half the initial value in MgAl,0,4:Fe3*, MgGa,04:Fe3*, CaAl,0,4:Fe®*, and CaGa,04:Fe3* - ¢
[175]); the relative sensitivities value of Fe**-based spinel luminescence thermometers at 273 K in MgAl,04:Fe3*, MgGa,04:Fe3*, CaAl,0,4:Fe®*, and CaGa,04:Fe3* -d) [175];
the comparison of the relative sensitivity values for different host material compositions value in MgAl,04:Fe**, MgGa,0,4:Fe>*, CaAl,04:Fe**, and CaGa,04:Fe** -e) [175].

[174] nanocrystals Fe** ions occupy the tetrahedral crystallo-
graphic positions, resulting in emission band shifts toward longer
wavelengths. For Mal,0,:Fe>", four thermometric approaches were
evaluated: an intensity-based method, a ratiometric technique uti-
lizing the emission intensities of two different Fe>" sites, a ratio-
metric approach using the Fe* to Tb>* emission intensity ratio,
and lifetime-based thermometry. The BaAl,0,:Fe>" nanocrystals
achieved the best thermometric performance with almost all
approaches (Sg = 3.52 %/K at 180 K and Sk = 1.57 %/K at 258 K for
the Fe3*/Fe*" ratiometric and Fe3" lifetime-based approaches,
respectively) [174]. The ionic size of the ions constituting the host
material predefines the crystallographic sites occupied by Fe**
ions. It was shown that in AB,04:Fe®* (A = Mg, Ca; B = Al, Ga), sto-
ichiometry modification from MgAl,04:Fe3* to CaGa,04:Fe3* leads
to a change in the crystallographic position substituted by Fe3*
from octahedral to tetrahedral (Fig. 11a and b). This modification
significantly affects the thermal stability of the Fe** emission
intensity and the spectral position of the Fe>* emission band. As
much lower energetical separation between the ground and
excited states is expected for tetrahedral symmetry compared to
octahedral symmetry, the emission band of Fe3* in the former case
is redshifted with respect to the octahedral counterpart. Moreover,
the Fe** emission intensity is quenched more efficiently in CaGa,-
04:Fe*" and CaAl,04:Fe3" than in MgAl,04:Fe*" and MgGa,0,:Fe>*.
Therefore the maximum Sk was found to be Sg = 2.08 %/K at 263 K
for a CaGa,04:Fe**, Tb>* ratiometric thermometer (Fig. 11c-e)
[175].

5.6. Cobalt

Literature regarding the use of cobalt ion luminescence for
luminescence thermometry is limited, to the best of our knowl-
edge, to one paper discussing MgAl,04:Co?* and MgAl,04:Co?*,
Nd** nanocrystals [178]. This gap is probably due to the relatively
weak emission intensity of Co?*. Kobylinska et al. [178] showed
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that only one emission band associated with the 2E; — *Ay elec-
tronic transition could be observed in the emission spectrum of
the investigated nanocrystal and that it was completely quenched
at 573 K (Fig. 12a). An analysis of the thermal quenching rate of
Co?" luminescence performed as a function of the Co?* dopant con-
centration and nanoparticle size revealed the fastest thermal
quenching rate for the lowest particle size (~12 nm in diameter).
However, the maximum relative sensitivity of the ratiometric
luminescent thermometer based on the Co**Nd** (*F3p — “Iop2)
emission intensity ratio was too low to employ this material for
reliable temperature measurement (Sg = 0.28 %/K in the 163-
373 K temperature range for MgAl,0,4:0.01 %Co®", 5 %Nd>*
nanocrystals).

5.7. Nickel

The luminescence properties of nickel ions are related to the
Ni%* oxidation state of the d® electronic configuration. Only few
NiZ* based phosphors have been described to date. This is due to
some difficulties in obtaining intense luminescence of these ions.
There are several criteria of the host material that facilitate achiev-
ing the emission of Ni** ions. The first of them is the presence of a
crystallographic position in the host material of 2 + valence, which
could be occupied by Ni?* jons. Although Ni?* ions can occupy both
octahedral and tetrahedral positions, due to the higher energy
splitting between the ground and excited levels, those matrices
in which Ni%* ions could be octahedrally coordinated are preferred
for phosphor development. In addition, increasing the strength of
the crystal field positively affects the luminescence intensity of
Ni%* ions. However, it is associated with a blue-shift of the emis-
sion band maximum [179]. The advantages of using Ni* as a lumi-
nescent dopant are mainly related to the spectral localization of its
emission band associated with the 3Ty4(F) — Ay, (F) electron
transition in the range of the second biological optical window.
This feature is important from the perspective of potential
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Fig. 12. Representative emission spectra of MgAl,04:Co®"Nd®>* nanocrystals measured as a function of temperature upon Aex. = 266 nm -a) [178]; the influence of
temperature at which intensity decrease to the half of its initial value in the function of 1/R® for SrTiOs: 0.1 % Ni2*, CaTiO5: 0.1 % Ni?*, BaTiOs3: 0.1 % Ni2*, MgTiO5: 0.1 % Ni?*
nanocrystals -b) [179]; thermally induced change of the chromatic CIE coordinates calculated for [Cusls(Pz),], (Pz = [1,4-bis(4-pyridylmethyl)piperazine]) -c) [180]; decay
time image of a section (5x4 wells) of a microtiterplate. The bottom of the wells is coated with the temperature-sensitive coating Ru(phen) and the wells are filled with water

of defined temperature (273 K, 293 K, and 303 K) -d) [181].

biomedical applications as the absorption and scattering of light
are reduced in this spectral range. Matuszewska et al. (Fig. 12b)
[179] demonstrated that the variation in composition of ATiOs:
Ni?* materials (A = Sr, Ca, Mg, Ba) strongly modifies the crystal
field, leading to a change in the energy gap between the 3ng(F)
and 3A2g (F) levels. Thus, the location of the emission band maxi-
mum can be shifted from 1210 nm for SrTiO5:Ni** to 1700 nm
for MgTiO5:Ni?*. However, there is also a decrease in emission
intensity, which is a logical outcome of the higher probability of
non-radiative depopulation of the excited level with a smaller dif-
ference between the excited and ground energy levels. In addition,
the luminescence thermal quenching rate varied as a function of
the CFS. The temperature at which the luminescence intensity
decreased to half its initial value increased linearly with increasing
CFS. This behaviour enables modulation of the thermometer per-
formance based on the Ni%* emission intensity. Several features
of these luminescent thermometers have been considered for tem-
perature sensing, including the emission intensity, band shift, and
LIR of Ni?* to Er** jons. The highest sensitivity values were
obtained using the LIR approach for SrTiO3:Ni?*, Er** of
Sk =5.8 %/K at 423 K [182].

5.8. Cupper

The Cu clusters and Cu ions are primarily exploited as molecular
luminescent thermometers [183-185]. In 2009., N. Fujino et al.
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have presented a molecular thermometer consisting of the CuTTP
(tetraphenyl-21H,23H-porphityne copper (II)) and polystyrene
composite in forms of films and fibers [183]. Since the intensity
of the emission band at 780 nm decreased in respect to the one
centered at 653 nm the ratiometric luminescent thermometers
were developed, however without the evaluation of their thermo-
metric performances (the relative sensitivity and temperature res-
olution). Authors confirmed the similar thermal evolution of LIRs
in when thermometer was in an air and water and applied it to
measure the temperature of the organic light emitting diode
(OLED) during the operation. The comparison with the reference
thermocouple measurement revealed up to 44 K difference in tem-
perature when 450 mA/cm? electrical current was applied to OLED.
The lower value of temperature measured by a thermocouple was
explained by the small value of heat conductivity of the glass that
covers OLED on which the thermocouple was mounted. The
authors argued that the large deviation of temperature measured
by thermocouple from the true value would be reduced if the diode
operation time is extended, but they did not provide the experi-
mental verification. In addition, the limitation of the experiment
was the fact that the calibration curve was made in the range of
293-343 K, while the temperature reading during the diode’s oper-
ation was at 383 K. The other example of Cu-based molecular ther-
mometer is a complex structure, composing of five Cu atoms
attached to three conjugated dianionic cationic ligands — EtNC(S)
PPh,NPPh,C(S)NEt", which creates the Cus cluster [184]. The
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thermometric performance of these lifetime based luminescent
thermometers has been evaluated in the 228-353 K temperature
range showing the Sg = 0.5 %/K. The performance of the tempera-
ture readout from emission intensity was investigated with an
365 nm excitation. This excitation leads to the population of the
singlet excited state S; after which S;-Sg excited states are popu-
lated according to the Boltzmann’s law with having long emission
decay. To this aim Cus clusters were spotted on different types of
surfaces, aluminum foil, cotton fabric and plastic plaster, and
placed into a plastic container field with water. The temperature
increase of water caused the decrease in the emission intensity
(presented here as a red channel intensity) of each spot, having
the same slope but different offset values, originating from differ-
ent thickness of the samples. These results indicated the wide
usable range of Cus cluster thermometers, including various condi-
tions, investigated heat and substrates. Another Cu cluster, the
Cug-Cuy-Cug [Cugls(Cusly)Cugls] (HoL = 3,5-bis((3,5-dimethyl-pyra
zol-4-yl)methyl)-2,6- dimethylpyridine, Cu,l,=(2,6-lutidine),), is a
dual emitting material, being a self-calibrated molecular lumines-
cent thermometer, and it is based on the emission quenching via
temperature changes[185]. Emission bands which are influenced
by the temperature are attributed to the Cu,l, and CuglLs clusters,
emitting in the blue (Aem1, Aexc = 310-340 nm) and red (rema,
Aexc = 290 nm) region of the spectrum, respectively. The tempera-
ture sensing performance of Cug-Cu,-Cug was investigated in the
100-450 K range and exploiting the emission intensity ratio
between Aemi, and hema. Linear dependences of the thermometric
parameter on temperature are observed from 120 to 260 K (S=0
.208 %[K-0.285 %/K) and in the 240 K-450 K range (S = 0.283 %/K-
0.088 %/K), under 310 nm and 340 nm excitations, respectively.
Cu nanoclasters have been also used for the temperature sensing
in MDA-MB-231 cells with the Sg = 3.18 %/K. However, in this
case, the intensity based approach was used, which is of low
reliability [186]. Also in the meta-organic frameworks group you
can find Cu-based luminescent thermometer. As described for
[Cuyly(Pz)y]s (Pz = [1,4-bis(4-pyridylmethyl)piperazine]) (Fig. 12c),
an increase in temperature causes a linear change in the ratio of band
intensities, which results in a change in the emission color from pink-
ish at 10 K to yellow-green at 300 K [180].

5.9. Ruthenium

The luminescence of ruthenium complexes is characterized by
large Stokes shifts, strong emissions, and microsecond lifetimes.
Consequently, they have many applications in physical and chem-
ical sensing. The first ruthenium-based luminescent thermometer
was proposed in 1999 by Liebsch et al.[181]. The authors have
found that in Ru(phen) (ruthenium-tris-1,10-phenanthroline), the
Ru?* luminescence decay time linearly decreases over the 270-
310 K temperature range. To develop thermally sensitive paints,
Ru(phen) was incorporated into sol-gels and poly(acrylonitrile)
(PAN) materials. The highest relative sensitivity of the lifetime-
based thermometer was found to be 1.96 %/K. The authors also
demonstrated thermal imaging based on the kinetics of the Ru®*
luminescence of the 2D microtiterplates, which are frequently used
for bioassays (Fig. 12 d). In fact, this report was the first demon-
stration of 2D thermal imaging based on the luminescence decay
time of a ruthenium-based phosphor. In 2005, Kose et al. reported
a temperature and pressure sensor based on the luminescence of
the Ru(Il) complex in the PAN matrix[187]. In this case, the emis-
sion intensity ratio of Ru(Phen) at 525 nm and luminescent dye
5,10,15,20-tetrakis(pentafluorophenyl)porphyrin platinum(II)
(PtTFPP) 650 nm were analysed. It was found that in the 280-
315 K temperature range, the LIR increased monotonically with
temperature and remained almost independent of the applied
pressure.
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In the following year, a temperature sensor film prepared from
a different polymer than PAN was presented. Mills et al. described
a sensor based on the complex Ru(bpy)3* (ruthenium(Il) diamine)
encapsulated in a poly(vinyl alcohol) (PVA) matrix [188]. This sen-
sor proved to be completely insensitive to the presence of oxygen,
because the PVA polymer had a low oxygen permeability. The
authors emphasized that the compounds used for synthesis were
water-soluble, making them easier to manufacture as
temperature-sensitive films. Excitation was obtained by employing
455 nm visible light, and to determine the temperature, the life-
time was measured using the emission peak observed at approxi-
mately 490 nm. A decrease in intensity and shortening of the
decay time to reduce the temperature in the range of 298-338 K
were presented (intensity change from 500 to 300 [a.u.]).

Borisov et al. considered a very similar sensor: a composite
material based on the luminescence of the Ru(Il) complex (ruthe-
nium tris-1,10-pehenanthroline) in the PAN matrix to measure
the temperature combined with Pd(II) for oxygen detection[189].
The simultaneous measurement of temperature and oxygen was
facilitated by the spectral separation of the emission bands. Two
bands were observed in the emission spectra: one at approxi-
mately 580 nm (excitation: 470 nm) associated with Ru(Il), and a
second at approximately 670 nm (excitation 525 nm) associated
with Pd(II). An additional advantage was that the luminescence
decay time of the Ru(Il) complex was shorter than the decay time
of Pd(II), which also simplified the measurements. The ruthenium
emission in this sensor was strongly quenched by temperature
and was completely insensitive to the presence of oxygen. The
luminescence decay time for the range 275-330 K decreased lin-
early from 4.2 ps to 2.9 ps (change of 0.0236 pis/K). In 2007, Kocin-
cova et al. presented two fiber-optic sensors for simultaneous
measurement of two parameters: pO,/pH and pO,/temperature
[190]. The use of polymer microbeds enabled the elimination of
the effects of undesirable factors and prevented the transfer of
energy between dyes. The luminescence decay times of the ruthe-
nium complex revealed a shortening from 2 ps to 1 ps in the tem-
perature range of 273-323 K. In 2008, Baleiz~a et al. reported a
dual temperature and oxygen-sensing layer containing Ru(Il) com-
plexes (ruthenium tris-1,10-pehenanthrolline = Ru(phen);) encap-
sulated in a PAN matrix for temperature measurement and
fullerenes for oxygen sensing [191]. The presented results indi-
cated that the Ru(ll) luminescence decay times were insensitive
to changes in oxygen content (maximum deviation: 0.31 %) but
changed monotonically with temperature. Bustamante et al.
[192] conducted a large-scale comparison of the rates of change
of the thermal luminescence kinetics of Ru?* ion complexes ([Ru
(dpp)]*,  [Ru(bpy)s]**, [Ru(phen)(4-CIp)]**, [Ru(phen),(4-
OHp)J?*, [Ru(bpz)s]**, and [Ru(phen)s;]**), revealing the largest
reduction in lifetime for [Ru(phen),(4-Clp)]**. Then, this complex
was used for temperature sensing of cell culture-on-a-chop mea-
surements with a temperature resolution of 0.05 K.

6. Conclusions, perspectives and outlook

The above descriptions elucidate the benefits of using
phosphor-based TM ions in luminescence thermometry. In con-
trast to trivalent lanthanide ions, for which TMs have been pro-
posed as alternative luminescence thermometry probes, the
spectroscopic properties of TM-doped materials can be signifi-
cantly modified by changing the material parameters of the host.
The high plasticity of TM-doped phosphors is an important advan-
tage as it enables the spectral range of the emission to be tailored
according to the application requirements. As can be seen in
Fig. 13, the emission spectral ranges of TM-doped luminescent
thermometers extend from UV to infrared. An additional advantage
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Fig. 13. The comparison of the emission spectral range of particular TM-based
luminescent thermometers-a); the Sgmax as a function of the temperature at which
it is recorded for lifetime based (Table 3)-b) and ratiometric (Table 4)-c)
luminescent thermometers.

of these materials is the prevalence of broad spectral absorption
bands, which facilitate luminescence excitation. Moreover, the
high absorption cross-sections of TM ions enable intense lumines-
cence to be achieved. Finally, TMs are abundant and much cheaper
than lanthanides. However, the low luminescence efficiency
observed for most TMs limits the choices of potential dopant ions
to chromium and manganese ions.

Fig. 13 summarizes the thermometer performances based on
the luminescence intensity ratio, enabling some general conclu-
sions to be drawn. It should be noted that not all papers mentioned
herein present the thermometric parameters of the investigated
thermometers in the same temperature range and, in some cases,
the highest sensitivities were recorded at the boundary tempera-
tures. Nevertheless, the highest sensitivities were recorded for

26

Coordination Chemistry Reviews 469 (2022) 214671

materials doped with Mn?* ions (in some cases exceeding 10 %/
K). The highest sensitivities for thermometers based on Mn*" were
observed at approximately room temperature, which is particu-
larly important for biological applications. However, in this case,
the requirement of UV/blue excitation limits the applicability of
these thermometers in biological in vivo studies. At cryogenic tem-
peratures, the highest sensitivities are usually observed for ther-
mometers based on Cr>* ions, with the highest sensitivities
observed at temperatures above 200 K. The sensitivities achieved
by Cr3*-based thermometers usually do not exceed 5 %/K. At tem-
peratures above 500 K, Cr>*- and Mn**-based thermometers exhi-
bit the highest sensitivities.

From the perspective of potential applications, not only the
temperature range, but also the spectral range of emission plays
an important role. When considering thermometers emitting in
the UV/blue spectral range, Mn?*-based thermometers exhibit
superior thermometric performance. In the green-yellow spectral
range, thermometers based on Mn?* and V** are worth considering,
whereas in the red range, materials doped with Cr>* and Mn*" ions
are the most important as their emission intensities and sensitivi-
ties are the highest. On the other hand, in the NIR range, although
materials doped with Ni2* ions offer wide emission ranges, the low
emission intensity and low sensitivity of the thermometers
described so far in the literature significantly hinder their practical
application. Therefore, in this spectral range, thermometers based
on Cr** jon emissions dominate; however, relatively scarcely stud-
ied thermometers based on Mn>* ion emissions may constitute
suitable alternatives. The Mn>* luminescence is characterized by
relatively high quantum efficiency and high luminosity, and its
narrow emission bands fall in the second optical transparency win-
dow with excitation in the first transparency window. Thus, it is
expected that their role and importance in research focusing on
biological applications will increase in the near future. A new
and interesting research direction taken recently is the doping of
thermometers with Fe>* ions, for which very high emission bright-
ness may be observed (e.g. LiAls0g:Fe**).

On the other hand, in the cases of luminescence thermometers
based on emission kinetics, thermometers exploiting the shorten-
ing of the 2E level lifetime of Mn*" have the highest sensitivities
and, in general, their thermometric parameters provide superior
performance. However, their maximum sensitivities decrease with
increasing temperature. Several works published in recent years
have proven that the luminescence decay of Ti** ions can provide
a super-sensitive thermometric parameter at temperatures below
250 K.

Despite the high sensitivity of Mn?*-based lifetime luminescent
thermometers, surprisingly few works devoted to this ion have
been reported to date. The great potential of Mn?*-doped materials
in lifetime-based luminescence thermometry associated with both
high sensitivities and very long lifetimes (often > 10 ms) may sug-
gest that this direction is worthy of extensive research in the
future. Considering their very long lifetimes, it can be anticipated
that further enhancement of the sensitivities of these thermome-
ters will be possible by activating additional channels of non-
radiative depopulation of the Mn?" emitting level, e.g. by co-
doped ion guidance.

In summary, luminescence thermometry with TM ions offers a
wide range of advantages over other types of thermometer materi-
als, which is a motivation for large-scale research. The potential of
these materials is reflected in the rapidly increasing number of
papers in recent years on not only new thermometer materials,
but also their practical applications in sensing and thermal imag-
ing. Despite the extensive literature on this topic, it can be
assumed that the coming years will bring many interesting and sci-
entifically inspiring discoveries in this area.
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