Chapter 5 ®)
Rare Earth Ion Based Luminescence G
Thermometry

Ilya Kolesnikov and Alina Manshina

Abstract In this chapter, the contactless thermal sensors based on luminescence
properties of rare earth-doped nanocrystalline phosphors are discussed. The lumi-
nescence thermometry is considered nowadays as a remote and noninvasive approach
providing excellent functional parameters—high thermal sensitivity and spatial reso-
lution, wide working temperature range and short response times. The competitive
advantage of the luminescence thermometry is its applicability in specific environ-
mental conditions like external electromagnetic field, fast-moving objects, flows
and fluids of different nature. The key functional characteristics of temperature
sensors are described in the chapter together with different strategies of tempera-
ture readout including variants of ratiometric approach via thermally coupled levels,
Stark sublevels, spectral line position, and bandwidth and lifetime thermometry.
Further progress in this direction includes stimulated market demands and industrial
development of micro- and nanoelectronics, photonics, nanomedicine, micro- and
nanofluidics, as well as academic interest and scientific challenge in the improvement
of current intrinsic limitations. The presented analysis of emerging new directions in
the field of luminescence thermometry testifies an interest in widening the working
spectral range, development of multi-sensing devices based on multiple emission
centers, etc. All these open fascinating prospects of luminescence thermometry
in the future and development of even newer fields such as multimodal imaging
with temperature monitoring, 3D temperature mapping, and temperature-supervised
processes.
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5.1 Introduction

Temperature is one of the fundamental parameters characterizing systems, processes,
and phenomena. The notion of temperature is well established from the viewpoint
of thermodynamics and used for characterization of various systems (gas, liquid,
solid phases, micro and macro objects) in thermodynamic equilibrium. The accurate
temperature measurement is necessary for the reliable characterization and control
of processes in various fields from biology and medicine to industrial production.
Direct determination of temperature is impossible, but it can be measured via
control of various characteristics of bodies such as volume, pressure, conductivity,
etc. that are monotonically correlated with temperature change. For convenience,
the measurement methods can be classified into three categories, depending on the
nature of contact which exists between the sensor and the object of analysis [1]:

e Invasive. The monitoring device is in direct contact with the medium of interest
(thermistor- or thermocouple-based technologies).

e Semiinvasive. The medium of interest is treated in some manner to enable remote
observation (imaging of thermally sensitive paints).

e Noninvasive. The medium of interest is observed remotely (infrared and lumines-
cence thermography).

Traditional contact thermometers, such as liquid-filled and bimetallic thermome-
ters, thermocouples, pyrometers, and thermistors, are generally not suitable for
temperature measurements at scales below 10 pum [2—6]. Moreover, contact measure-
ments require, in general, conductive heat transfer and thus need to reach equilibrium
between the sensor and the object. This thermal connection disturbs the temperature
of the sample during the measurement, especially for small systems (in which the
size is small compared to that of the sensor head) [5].

The rapid technological progress and limitations of contact thermometers for
small systems where the spatial resolution decreases to the submicron scale have
required the development of new noncontact (semi-invasive and noninvasive)
accurate thermometers with micrometric and nanometric spatial resolution [3-5, 7].

Among noninvasive spectroscopic methods for determining temperature, the
luminescence thermometry is one of the most promising and accurate techniques.
This method provides temperature measurements based on the monitoring of phos-
phor emission temperature dependence, for example, luminescence intensity (or
luminescence intensity ratio, LIR, spectral line position, bandwidth, and excited
state lifetime). Luminescence thermometry combines high relative thermal sensi-
tivity (> 1% K~")and spatial resolution (< 10 wm) in short acquisition times (<1 ms),
and, as it operates remotely, works even in biological fluids, fast-moving objects, and
strong electromagnetic fields [3—5]. Phosphors of different nature have been utilized
as contactless thermal sensors through their light emission properties, e.g., polymers
[8, 9], DNA or protein conjugated systems [10], organic dyes [11, 12], quantum
dots (QDs) [13, 14] transition metals-based materials [15, 16] and rare earth-doped
phosphors [17-20].
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Rare earth-doped materials are stable and narrow band emitters covering the entire
electromagnetic spectrum with, in general, high emission quantum yields (> 50%
in the visible range) [21-23]. In the last decade, many of these thermometers have
been reported covering a wide temperature range, from cryogenic (7 < 100 K) to
technological (up to 1200 K) values, and including chelate complexes [24], metal
organic frameworks [25, 26], polymers [27], organic—inorganic hybrids [28], and
inorganic nanoparticles (NPs) [29-31].

This review focuses primarily on examples of recent successful applications
of different temperature dependent luminescence parameters for rare earth-doped
inorganic micro and nanoparticles and analysis of future trends in the field of
luminescence thermometry.

5.2 Temperature Sensor Performance and Characteristics

For reliable and reproducible temperature monitoring, temperature sensors should be
chemically and thermally stable. This is a general requirement to a sensor as a device.
As for the estimation of the temperature sensor performance and the comparison of
different luminescence thermometers, the following parameters are used:

thermal sensitivity;
temperature resolution;
e repeatability and reproducibility.

Absolute (S,) and relative (S;) thermal sensitivities are the most common char-
acteristics. The absolute thermal sensitivity shows the absolute change of chosen
thermometric parameter with temperature variation and is defined as follows:

_dA

Sa = 7
dT

(5.1

It is obvious from (5.1) that S, depends on the absolute A value, which can be
significantly changed by manipulating the calculation procedure. Therefore, absolute
thermal sensitivity cannot be used for fair comparison among different thermometry
systems (e.g. mechanical or electrical thermometers) [3]. To compare thermometers
irrespective to their nature and sensing parameter, the relative thermal sensitivity
is introduced. S; shows normalized change of chosen thermometric parameter with
temperature variation and is defined as follows:

s 1 dA 5.2)

" AdT '
Another important thermometric parameter is the temperature resolution, which
provides information about accuracy of thermal sensing that can be derived using this
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Fig. 5.1 Temperature resolution of YVO4:Nd>* 3 at.% obtained from a acquisition of several
consecutive emission spectra at a fixed temperature (A77y) and b analysis of the thermal relaxation
process (ATn) [32]

material. There are several experimental techniques to obtain the temperature resolu-
tion, which were discussed and compared in our previous work [32]. The temperature
resolution can be calculated from calibration curve (AT; = Si,(STA)’ from acquisition
of several consecutive emission spectra at a fixed temperature (A7), and from the
analysis of the thermal relaxation process (ATyy). It was found that the tempera-
ture resolution obtained from abovementioned independent methods gives similar
values. For example, temperature resolutions of YVO4:Nd** 3 at.% thermometer
were determined as follows: ATy = 0.72 °C, ATy = 0.49 °C, ATy = 0.46 °C
(Fig. 5.1) [32].

One interesting strategy to quantify the minimum temperature uncertainty of the
thermometer was reported by Alicki and Leitner, in which the spin-boson model was
applied and size and system dependent properties were used [33]. For solid-state
nanothermometers, the relative fluctuation in temperature is linked to the number of
atoms in the sample (V) and its Debye temperature (7p):

4T  s1p 1
=(——e™)
3V/3Tp VN

For Tp in the range 100-2000 K, the term in parenthesis changes between 0.9 and
1.3, meaning that the order of magnitude of the temperature resolution is determined
by AT = LN [33], which means that the minimum achievable AT is fundamentally
controlled by the size of the thermal sensor. In quantum metrology, it is known that
for nonentangled particles, the precision 36 of a general quantity 6 scales with the
inverse of the number of particles (Np) 660 = ﬁ [34], a relation called shot-noise
scaling (for entangled states, however, Heisenberg-scaling applies and 66 is inversely
proportional to Np). As Np is proportional to NV, the last formula supports the result of
the model derived by Alicki and Leitner [33]. There are very few examples reporting
the thermal resolution of luminescent thermometers as a function of its size. One
case is Alaulamie’s work [35] that examined experimentally the correlation between

AT

T (5.3)
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particle size and the temperature resolution based on the temperature readouts of
Er**-doped up-conversion nanoparticle clusters of different sizes (ranging from 1 to
9 wm). Briefly, the larger the cluster size the higher the signal-to-noise ratio, leading
to better temperature resolution (low standard deviation value). The experimental
data present an unequivocal increase of the temperature uncertainty as the cluster
size decreases according to presented equations.

Thermal sensitivity and temperature resolution are important parameters, which
take into account both the potential of the temperature probes and the limitation of
the experimental setup; it is still possible that other factors contribute to a lower
temperature accuracy, such as systematic errors. Repeatability and reproducibility
are the two components of precision in a measurement system, and are the major
concerns in sensor engineering. Since the great majority of industrial and scientific
applications require continuous monitoring, it is critical to achieve the same response
under the same external stimulus.

Repeatability refers to the variation in repeat measurements made under identical
conditions. A given quantity is considered repeatable if different measurements made
using the same instrument or method, over a certain period, give the same results.
Variability in measurements made on the same subject in a repeatability study can
then be ascribed only to errors due to the measurement process itself [36].

Reproducibility, on the other hand, refers to the variation in measurements of the
same measurand carried out under modified conditions [37]. The changing condi-
tions may be due to different measurement methods or instruments being used,
measurements being made by different observers, or measurements being made over
a period of time within which the “error-free” level of the measurand could undergo
nonnegligible change [36].

The repeatability of a thermometric probe indicates the accord between its ability
to evaluate the temperature in comparison with a reference temperature probe (a
thermocouple, for instance). An acceptable repeatability coefficient can be obtained
when the deviation relative to the average measured temperature is lower than double
standard deviation of the data. This criterion ensures that, for stochastic processes,
95% of the measurements are less than two standard deviations away from the mean
value of temperature.

In a typical procedure, the repeatability of a thermal probe is estimated by cycling
the temperature in a given interval, ensuring that each measurement is performed with
the probe in thermal equilibrium with the temperature controller. The repeatability
of a thermometer’s readout upon temperature cycling can be quantified using the
expression:

max(A. — A;)
A,

R=1 (5.4)

where A. and A; represent, respectively, the thermometric parameter’s mean value
and the thermometric parameter measured at each temperature.

Another key feature of the thermometer readout is the ability to reproduce the same
results, even when different detectors are employed or the measurements are made in



74 I. Kolesnikov and A. Manshina

different ways. Although the reproducibility of a thermometer cannot be numerically
quantified, statistical analysis may be used if distinct calibration procedures are
significantly different. If the same calibration curve can be obtained in different
measurements within the experimental uncertainties of the fitting parameters, it can
be concluded than the thermometer produces reproducible readouts under the tested
conditions.

5.3 Luminescence Intensity Ratio

Generally, the emission intensity of a given transition is sensitive to temperature
changes due to the following mechanisms:

e Population redistribution over electronic levels according to the Boltzmann
statistics;

e Temperature-activated quenching mechanisms (e.g., cross-relaxation between
electronic levels);

¢ Nonradiative deactivations (the electrons relax from excited states to the ground
state generating heat, instead of light);

e Phonon-assisted Auger conversion processes.

Luminescence thermometers based on the intensity of a single transition are highly
dependent of eventual illumination oscillations, signal-to-noise detection, absorption
and scatter cross-sections, and local fluctuations on the phosphor concentration. As
recursive calibration procedures are not compatible with end-user applications, a
ratio of intensities must be employed [2, 5].

The ratiometric thermometry exploits the relative change in the intensity ratio of
two independent energy-close transitions. Both emission lines can be generated from
a single luminescent center (single-center thermometers), or they can result from two
distinct emitting centers (dual-center thermometers) [3, 4]. To date, majority of the
reported ratiometric luminescence thermometers are single-center thermometers.

In single-center ratiometric thermometers, A (or LIR) is defined using the emis-
sion intensities of the 12) — 10) (Iy) and 1) — 10) (I;) transitions, where |0) denotes
the ground level and I1) and |2) the two thermally coupled excited levels (level 12) is
more energetic than level 11)) [38—40],

_ L AphvpN, 5.5)
I Agihvy Ny )

where N and N, are the populations of the I1) and 12) levels, vy; and v, are the
frequencies of the [1) — 10) and 12) — 10) transitions, and Ag; and A, are the total
spontaneous emission rates from levels 1) and 12) to level 10). If the depopulation
of the I1) and I2) energy levels involves other energy levels beyond 10), (5.5) must
be corrected by the B,/8; ratio, where B; (i = 1, 2) are the branching ratios of the
li) level, i.e., the percentage of the total emission from the thermalized level (I1) or
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12)) to the final 10) state. If the two high-energy levels are in thermal equilibrium
(they are called “thermally coupled levels,” with energy separations of the order of
the thermal energy k7T), N| and N are related by

Ny =22N Ab (5.6)
= Z=Niexp| —— .
T PUTr

where g; and g are the degeneracies of the two levels and AFE is the energy gap
between the barycenters of the 1) — 10) and I2) — |0) emission bands. Equation (5.5)
is, thus, written as

Agh AE AE
A= 8220002 (22 ) — Bexp(—Cn (5.7)
g1Ao1hvo T kT

with B = %. The two light-emitting levels cannot be too separated in energy,
otherwise its thermalization is not detected. Typically, they are considered “thermally
coupled” (e.g., in a thermodynamically quasi equilibrium state) for AE ranging from
200 to 2000 cm™! [41]. As thermally coupled levels could be two excited electron
energy levels or ground electronic energy levels, or two Stark sublevels.

Technically, LIR is calculated as the ratio between integral intensities of two emis-
sion transitions. This standard calculation technique can be named peak-to-peak ratio.
It was found that temperature change sometimes affects the valley between emission
bands more significantly than the bands themselves. Thus, monitoring peak-to-valley
ratio could result in more sensitive thermal sensing in such a case. Comparison of
peak-to-peak and peak-to-valley ratios would be conducted in terms of thermometric
performances.

5.3.1 Excited Thermally Coupled Levels

An example of using excited thermally coupled levels for ratiometric thermometry
in wide temperature range of 123-873 K is descried below, in which thermal sensing
was performed with YVOg, :Nd>* 2.4 at.% NPs [42]. Room temperature excitation and
emission spectra of YVO4:Nd** 2.4 at.% NPs are presented in Fig. 5.2a. As can be
seen, excitation spectrum consists of bands situated at 420-442, 455-490, 500-550,
550-640, and 670-700 nm, which are ascribed to the transitions from ground state
oy, to higher levels ?Dsp, *Gop + *Giipp + 2Kisp, *Grp + *Gop + *Kizn, *Gsp
+ %Gy + 2Hy1p, *Fop, respectively [43, 44]. Emission spectrum consists of narrow
lines attributed to the *Fz» — *Io; (870-925 nm) and *Fs;, + *Hop — *Iop (790
850 nm) transitions. The energy levels scheme of Nd** ion in YVOy host displaying
thermally coupled *F3/, and *Fs;, + 2Ho), levels is presented in Fig. 5.2b.

The temperature dependence of emission spectrum of YVO,:Nd** 2.4 at.% NPs
is shown in Fig. 5.3a. One can see that intensity ratio between 4Fs;, — *1o/ (808 nm)
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Fig. 5.2 a Excitation (black) and emission (red) spectra of YVO4:Nd>* 2.4 at.% NPs (hem =
880 nm, hex = 532 nm) at room temperature; b energy levels scheme of Nd3* ion in YVOy host
[42]
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Fig. 5.3 a Emission spectra of YVO4:Nd>* 2.4 at.% at different temperatures (T = 123 K; 300 K;
498 K; 873 K); b temperature dependence of LIR between the emission peaks at 808 nm (*Fspp —
“*Ior2) and 880 nm (*F32 — *Igp) for YVO4:Nd3* 2.4 at. % NPs [42]

and *F3, — *Ig), (880 nm) transitions is significantly changed and can be used as ther-
mometric parameter. Taking into account the energy gap between the excited levels
and (5.7), we can write A = % = A - exp(—2£). Figure 5.3b shows evolution of
LIR as a function of temperature on semi-logarithmic scale. The observed experi-
mental data is accurately fitted by the exponential Boltzmann formula with Adj. R?
= 0.99. Therefore, monitoring this spectral ratio could provide information about
temperature around YVO,:Nd** NPs and could be used for different applications.
Relative thermal sensitivity of YVO4:Nd** 2.4 at.% NPs obtained according to
(5.2) was found to be 1.5% K~!. This value is comparable with other Nd** based ther-
mometers. For example, sensitivity of Gd, 03 :Nd>* NPs based on LIR between “Fs),
— gy and *Fs, — *1g, transitions was determined to be 1.75% K~ at 288 K [45].
Nd**-doped NaYF, microcrystals showed maximum sensitivity of 1.12% K~ at the
temperature 500 K [46]. In works [47] and [48], the authors presented CaWO, and
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La;0,S bulk powders doped with Nd3* ions, and the maximum of S, was about 0.3%
K~! at the temperature 668 K and 1.1% K~! at the temperature 358 K, respectively.

As YVO,4:Nd>* 2.4 at.% NPs can be used for thermal sensing in a wide temperature
range, temperature resolution was obtained at significantly different temperatures
(313 and 673 K) suitable for biological and technical applications. Temperature
resolutions calculated from calibration curves were determined to be 0.5 Kand 1.2 K
for 313 K and 673 K temperatures, respectively. The temperature resolution of other
Nd** based thermometers were reported as follows: 0.14 K at 288 K (Gd,03:Nd**)
[45], 2 K at 298 K (LaF3:Nd*"), [49] 1.13 K at 313 K (LiNdP405) [50]. So, we can
draw a conclusion that the thermometric performances of YVO,4:Nd** 2.4 at.% NPs
is comparable with other Nd**-doped thermal sensors.

Another example of contactless ratiometric sensing based on the LIR between
transitions originated from two thermally-coupled excited electron levels is shown by
Dy?**-doped YVO, nanophosphors [51]. Normalized emission spectra of YVO4:Dy*
1 at.% nanopowders measured at different temperatures (298, 423 and 673 K) are
presented in Fig. 5.4a. The observed emission lines are originated from electron tran-
sitions from *I;5,, and *Fyy, excited states with energy separation of about 1000 cm ™!
(Fig. 5.4b). According to definition, 1,5/, and *Foy, are thermally coupled levels, and
therefore, a ratiometric approach for transitions from these excited states can be
utilized to determine the local temperature. The LIR between 15 — ®Hyspn and
4F9/2 — 6H15/2 transitions (LIRy4ss/480), as well as the ratio between 4115/2 — 6H15/2
and *Fo;, — °Hs; transitions (LIR4ss/575) were used for thermal sensing.

The variations of the LIR values of YVO4:Dy** 1 at.% nanocrystalline powders
as a function of the temperature are presented in Fig. 5.5a, b. Temperature induced
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Fig. 5.4 Normalized emission spectra of a YVO4:Dy>* 1 at.% and b YVO,4:Dy>* 2 at.% nanopow-
ders at different temperatures. The colored areas are used for the integral intensity ratio calculations.
¢ Energy levels scheme of YVOy4:Dy>* nanophosphors [51]
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Fig. 5.5 Luminescence intensity ratio a LIR4551480 and b LIR455/575 of YVO4:Dy3Jr 1 at.%
nanopowders as a function of temperature [51]

change of LIR is caused by electron re-distribution at the energy levels according to
the Boltzmann formula (5.7).

Performance of YVO4:Dy** 1 at.% thermometer is studied in terms of thermal
sensitivities, temperature resolution, and repeatability. The observed temperature
dependences of S, and S; demonstrate opposite behavior: the temperature increase
leads to a gradual growth of S, and a monotonic decline of S;. As the temperature
dependence in both LIRs originate from the same excited levels: 1,55 and 4F9/2,
it is not surprising that the maximal relative thermal sensitivity (7' = 298 K) for
LIR455/480 and LIR455/575 ratios is similar: 1.8% K_l (YVO4ZDy3+ 1 at.%). HOWCVCT,
the absolute thermal sensitivities differ significantly: 0.039 K~! at 673 K (LIR4s5450)
and 0.0013 K~! at 673 K (LIR4s5/575). Compared to Er’*, Tm>* or Nd** ions, the use
of dysprosium ions for temperature sensing are relatively rare. Among other Dy*
single doped materials, the obtained S; values are comparable to the values reported
in the literature: 1.7% K~! for BaYFs5:Dy** NPs [52], 1.6% K~! for Gd, Ti,O7:Dy>*
NPs [53], 1.7% K~! for YAG:Dy>* microcrystals [54], 1.7% K~' and 1.3% K~! for
Dy:Y(acac); and Dy:Y (acac);(phen) molecular crystals, respectively [55].

Temperature resolution of YVO4:Dy>* 1 at.% thermometer was estimated from
consecutive emission spectra measured at fixed heating stage temperature. Due to
the rather wide temperature sensing region, AT was obtained for 323 and 473 K.
The obtained value lay in the range of 3—7 K depending on the measured temperature
and the luminescence intensity ratio used.

Repeatability of YVO,:Dy** thermometer was tested over cyclic heating-cooling
measurements (Fig. 5.5¢). During the experiment, we increased and decreased the
temperature within the thermal range of 323-473 K. Black squares indicate the actual
temperature of heater, whereas red circles and blue triangles present temperature
obtained with LIR4ss/480 and LIRyss/575 luminescence intensity ratio, respectively.
Taking into account temperature uncertainties, we can conclude that the considered
YVO,:Dy>* nanopowder has good repeatability: temperatures obtained using optical
thermometry are repeated from cycle to cycle and they are in good agreement with
the actual heater temperature.
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5.3.2 Ground Thermally Coupled Levels

In addition to excited levels with energy gap not exceeding 2000 cm™', the ther-
moequilibrium between the two ground energy levels can be used for ratiometric
thermometry. This strategy was successfully demonstrated using ’Fy, ’F;, and "F,
europium ground levels in YVO,:Eu** nanophosphors [56]. It was notably the
first demonstration of thermal sensing based on excitation spectra of luminescence
nanoparticles.

Excitation spectra of YVO4:Eu** 16 at.% NPs monitored at forced electric
dipole transition Dy—'F, (698 nm) measured at different temperatures are shown
in Fig. 5.6a. The studied temperature range was 299-466 K. These spectra consist
of many bands, which can be used for thermal sensing based on electron popu-
lation redistribution of low lying levels. As "Fy, 'F, and "F, levels are situated
within 2000 cm™~!, the following luminescence lines were utilized to calculate LIR:
"Fo="D; (526 nm), "F,-°D; (537 nm), "F,—°D; (555 nm), 'F;—°Dy (593 nm), and
"F,—Dyg (613 nm) (Fig. 5.6b). LIRs based on thermal electron population redistribu-
tion between 'F, and ’F;, ’Fy and ’F,, ’F; and "F, levels were compared. Moreover,
effect of excited level on LIR sensing properties was also studied. The following
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Fig. 5.6 a Excitation spectra of YVO4:Eu’* 16 at.% NPs obtained at different temperatures (hem =
698 nm); b thermal sensing scheme based on excitation spectra of >Do—’ Fy4 transition, ¢ temperature
evolution of luminescence intensity ratio L/ Rggs; d complex heating-cooling cycles [56]
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luminescence intensity ratios were calculated: "Fi—>D;/"Fo->D; (LIR%%), 7F;—
SDo/"Fo->D; (LIRS®), "Fo-D1/’Fo—D; (LIRS®), "Fa->Do/"Fo->D; (LIR®),
7F,—D,/"F;-°D; (LIRggS), and "F,—°Dy/’F;-°D; (LIRg98). Integral intensity of
each band was collected within spectral range equal to spectral slit width during
measurement (3 nm). In all cases experimental data were fitted by the exponential
function (5.7), which confirmed that LIR thermal dependence is governed by a Boltz-
mann process. All suggested LIRs are suitable to provide thermal sensing. A compar-
ison of the effective gap AE.¢ obtained from the fitting procedure led to a conclusion
that L1 R$”® has the best thermometric performances among all calculated L1 Rs$%8.
A calibration curve of the most promising R$%® for YVO,:Eu** 16 at.% nanophosphor
is shown in Fig. 5.6c. The highest S, value of YVO4:Eu** 16 at.% NPs was 1.25%
K" at 298 K, while S, achieved 0.00475 K~! at 466 K. Temperature resolution was
found to be 1 K at 323 K, which was obtained from the calibration curve. To monitor
the repeatability, a thermal cycling experiment with YVO,4:Eu** 16 at.% nanophos-
phor, where the temperature was determined in consecutive complex heating-cooling
cycles, was carried out. The temperature was defined by two independent methods:
luminescence nanothermometry (L1 R$*®) and thermocouple measurements. As can
be seen from Fig. 5.6d, measured and calculated temperatures are in good agreement
taking into account thermal uncertainties.

5.3.3 Stark Sublevels

LIR can be calculated not only by using different excited or ground electronic levels,
but also by utilizing different Stark sublevels. As the energy gap between Stark
sublevels is less than that between the electronic levels, relative sensitivity of ther-
mometers based on this approach is lower. However, some thermometry applications
require two emission bands used for LIR calculation within a certain spectral region,
for example, biological optical transparency windows, which is of crucial importance
for medicine and biology. This requirement can be fulfilled by Nd**-doped Y,03 NPs
possessing emission peaks originated from different Stark sublevels and situated in
both first (650-950 nm) and second (1000-1350 nm) biological windows (BW) [57].
Detailed emission spectra of Y,03:Nd** 1 at.% NPs at different temperatures (26.5
and 58.5 °C) measured in the spectral range of §70-922 nm (I-BW) are presented in
Fig. 5.7a. The luminescence intensity ratio between *Fz5(2) — *I9/2(3) and *F3/5(1) —
“To/2(3) (hereafter denoted as LI R{ ) was chosen for nanothermometry (Fig. 5.7b),
because it should have a temperature dependence in biological range due to the
value of the energy gap between the Stark sublevels. As can be seen, the emission
lines used for thermal sensing are well resolved, thus, a deconvolution analysis is not
required. Temperature evolution of LI R! demonstrated a monotonous pseudo-linear
trend within the studied temperature range (Fig. 5.7c). The observed pseudo-linear
trend appeared from usual Boltzmann function with small energy gap in the narrow
temperature range.
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Fig. 5.8 a Emission spectra of Y,03:Nd?* 1 at.% nanoparticles obtained at different temperatures
(hex = 808 nm); b energy levels scheme of transition 4F3/2(Ri) — 41 n(Yy) for Nd3* ion in the
Y03 host; ¢ luminescence intensity ratios L/ Rf I as a function of temperature [57]

Thermal sensing using Y,03:Nd** 1 at.% NPs was also performed in the II-BW.
Detailed emission spectra at different temperatures (26.5 and 58.5 °C) measured in
the spectral range of 1040-1090 nm are presented in Fig. 5.8a. Nanothermometry was
based on the luminescence intensity ratio between 4F3,(2) — 11 12(1) and *Fsn(1) —
*T112(1) (hereafter denoted as LI R{") (Fig. 5.8b). Figure 5.8c showed LIR!! as a
function of temperature from which a pseudo-linear behavior was observed.

The relative thermal sensitivities of Y,05:Nd>* 1 at.% NPs were found to be
0.23 and 0.43% °C~! for Stark sublevels LIR! and LIR!’, respectively. Careful
examination of earlier reported Stark sublevel-based LIR for other Nd**-doped
thermometers (NaYF4, YAG, YNbO,, LaF;, YVO4, KGd(WO,),, CaF,) led to a
conclusion that among NIR-to-NIR nanothermometers, Y,03:Nd** nanophosphor
demonstrates the best relative thermal sensitivity. Sub-degree temperature resolution
(0.2 and 0.5 °C for LIR! and LIR!!, respectively) makes Nd**-doped Y,O; NPs
prospective candidates for accurate thermal sensing.
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5.3.4 Peak-to-Valley Calculation

As it was demonstrated in the previous paragraphs, ratiometric thermal sensing can
be successfully performed using emission transition originated from different Stark
sublevels despite the much lower relative thermal sensitivity compared to that of the
different electronic levels. To enhance thermal sensitivity, a new strategy based on
the monitoring of peak-to-valley ratio was developed [32].

Normalized emission spectra generated upon 808 nm excited YVO4:Nd** 3 at.%
NPs obtained at 26 and 58 °C are shown in Fig. 5.9a. A temperature increase results
in the increase of the relative contribution of the *Fs»(2) — *1;12(3) transition due to
temperature induced population of *F3/,(2) Stark sublevel [58]. The intensity ratio of
4F31(1) — *1;12(1) (1064.8 nm) and *F3/5(2) — *I;;,2(3) (1072 nm) transitions (here-
after denoted as LIR3) has been previously used for nanothermometry [58]. As it can
be clearly seen from Fig. 5.9, temperature change also significantly affects relative
intensity of “valleys” centered at 1066.3 and 1063.7 nm. Therefore, luminescence
intensity ratios between the largest peak at 1064.8 nm and the valley at 1066.3 nm
(LIR;) or the valley at 1063.7 nm (LIR,) were used for thermal calibration to enhance
thermal sensitivity.

The intensity ratio demonstrated a monotonous pseudo-linear trend in the bio-
physical temperature range (25-60 °C) for all LIRs (Fig. 5.10). Strictly speaking,
luminescence intensity ratio should be fitted by the exponential Boltzmann formula,
but it was much more convenient to use a linear function to define local temperature
from the observed ratio [59-61].

Calculated thermal sensitivities for different LIRs gave the following values:
0.35, 0.32 and 0.20% K~'. A simple analysis showed that the new strategy for
LIR calculation (peak-to-valley) results in a remarkable enhancement up to 1.75
of the thermal sensitivity compared to standard approach (peak-to-peak). More-
over, the new strategy also significantly improved another important thermometric

b)

2) YVO,_Nd™ 3 ar.% NPs

A = 808 nm 312 — ]
2 °C —_— Py R levels

— 58°C

Intensity

——————
1060 1062 1064 1066 1068 1070 1072 1074 1076 1078 1080
Wavelength (nm)

Fig. 5.9 a Normalized emission spectra of YVO4:Nd** 3 at.% NPs obtained at different
temperatures (hex = 808 nm); b energy levels scheme of Nd3* ion in the YVOy4 host [32]
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performance, temperature resolution. AT was obtained using all three techniques
described above. However, here we provide calibration curve method. It was found
that the temperature resolution of YVO4:Nd** 3 at.% equals 0.6, 0.7 and 2.3 °C,
when monitoring LIR;, LIR, and LIR3, respectively. We can therefore conclude that
the peak-to-valley strategy enhances accuracy of thermal sensing of NIR-to-NIR
ratiometric thermometer by 4 times.

5.4 Spectral Line Position Thermometry

This technique is based on the analysis of the spectral positions of the emission
lines, which are unequivocally determined by the energy separation between the
two electronic levels involved in the emission. Any temperature change leads to
modifications in the arrangement of the lattice ions surrounding rare earth ion and,
therefore, to a crystal field modification which results in a shift in the emission lines.
Temperature reading can be achieved by an accurate spectral analysis of the emission
lines. Typically, in the physiological range, these temperature-induced shifts are small
but they can be recognized when dealing with rare earth ions characterized by narrow
emission lines, such as neodymium [62].

Generally, an increase in temperature leads to the red shift of the emission line
positions. When the crystal temperature is increased, the energy levels and; therefore,
the spectral lines broaden, invariably as the higher phonon modes are occupied. Since
there are many high-lying energy levels which couples, an energy level is normally
lowered. Further, it is usually the case that the temperature dependence of higher
levels is larger than for lower levels because of smaller energy denominators. As a
result, the spectral lines are observed to shift normally to the longer wavelengths when
the temperature is increased [63, 64]. Thermal shifts to the blue can be caused by
thermal expansion of the crystal lattice due to the changes of crystalline-field strength
and impurity-level energies. Such shifts were observed for some transitions of Nd**
in the soft hydrated crystal Pr(NO3); - 6H,O. However, such thermal expansion is
negligible in hard ionic crystals [63, 64].
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The shift of the emission line is usually associated with the electron—phonon
coupling effect, which results from the fact that at higher temperatures, host vibration
modes introduce random perturbation of the ion’s local environment [65]. According
to the phonon theory [66, 67], the line position is affected by the crystal strain inhomo-
geneity, direct one-phonon processes, multiphonon processes, and Raman phonon
scattering processes. As found in earlier studies [64, 68], thermal shift is mainly
governed by electron—host interaction effect associated with Raman scattering, and
therefore the simplified theoretical expressions for the line shift can be written in the
following form [69]:

4 ©/T
taf L / LA (5.8)
= x| — X .
vew O e —1
0

where vy, o, Op represent the initial line position (determined at low temperature, in
this paper at 123 K), the electron—host coupling parameter, and the effective Debye
temperature, respectively.

Spectral line position thermometry was demonstrated by use of YVO,:Nd** 2.4 at
% NPs possessing narrow emission lines [70]. Normalized emission spectra of this
phosphor obtained at different temperatures in a wide range of 123—-873 K are shown
in Fig. 5.11a. The position of the most intensive emission band, which is attributed
to the transition between the Stark levels of the *Fs, and I, states was chosen as
a temperature dependent parameter. The growth of temperature from 123 to 873 K
caused monotonical red shift of the emission line position which can be perfectly
fitted by (5.8) (red curve in Fig. 5.11b).

It should be noted that, in spite of its clear physical meaning, the aforementioned
function cannot be used for thermal sensing due to its complexity and inability
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Fig. 5.11 a Normalized emission spectra of 4F32 — 41112 transition obtained at different tempera-
tures (123-873 K); b line position of 4Fspp (R1) — *1112 (Y1) transition as a function of temperature
[70]
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to derive temperature as a function of spectral shift. Therefore, a simple exponen-
tial expression was suggested for fitting the observed line shift as a function of
temperature:

v=uvy+ A-efT (5.9)

Both fitting procedures resulted in similar values of adjusted R?: 0.99882 and
0.99872 for (5.8) and (5.9), respectively. Therefore, the proposed fitting function
allows us to use a spectral shift of emission line for thermal sensing.

Relative thermal sensitivity based on line shift of YVO4:Nd** 2.4 at % NPs was
found to be 0.75% K~! at 303 K, which is much higher than S, of LiLaP40,:Nd**
1% NPs (0.47% K~') and LiNdP,O1, NPs (0.003% K~1).

5.5 Bandwidth Thermometry

Emission line bandwidth is determined by the properties of the material such as
the degree of disorder and temperature. Generally, the emission lines of phosphors
broaden as the temperature increases. This is ascribed to the intrinsic vibrations
of the lattice exhibiting homogeneous broadening, which depends sensitively on
temperature or to the presence of different optical centers and defects exhibiting
inhomogeneous broadening, which depends only slightly on temperature. Detailed
analysis of thermally-induced broadening in rare earth-doped inorganic NPs as well
as temperature sensing based on line bandwidth is demonstrated in [71].
Bandwidth is affected by the same processes which influence line position.
According to the phonon theory [66], the width of energy level is given by:

Av = AV AvP 4+ AvM 4+ AUR (5.10)

The first term, AvS7%"  is the width due to the crystal strains. The second term,
AvP, is the width due to direct one-phonon process between the selected energy
level and other nearby levels, and consists of a temperature-independent part, which
is due to a spontaneous one-phonon emission, and a temperature-dependent part. The
third term, Av™, is the contribution to the width from the multiphonon emission
processes, which are temperature independent. The last term, AuR represents the
width for the Raman multiphonon process associated with phonon scattering by
impurity ions [72]. It should be noted that the first term represents inhomogeneous
broadening with a Gaussian line shape due to crystal strains, whereas the other terms
give rise to homogeneous broadening with a Lorentzian line shape. Since different
line shapes are expected for several broadening mechanisms, simple summation of
(5.4) is arough approximation, and a line shape composed of both homogeneous and
inhomogeneous parts can be represented by a Voigt profile [73]. If it is necessary,
line width may be resolved into homogeneous and inhomogeneous contributions by
using the numerical tables prepared by Posener [74].
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It was earlier found that the main contribution to line broadening is Raman scat-
tering process which consists of the absorption of one phonon and the emission of
another phonon without changing the electronic state of the ion [64, 72]. In this case,
the width of the energy level can be given by following expression:

(T \'©o/T xb¢*
Av—Av0+a(®D) / (ex—l)zdx (5.11)
where Awvy is the initial linewidth, o is the coupling coefficient for the electron—
phonon interaction, and ®p, is the effective Debye temperature.

Normalized emission spectra of Y,03:Nd* 1 at.% NPs obtained at different
temperatures in a wide range of 123-873 K are presented in Fig. 5.12a. Bandwidth
of *F3,2(R;)-*112(Y ) transition was monitored to obtain thermal sensing. Due to the
proximity of other emission lines, deconvolution procedure was performed to define
the exact bandwidth. An evolution of the full width at half maximum (FWHM) of the
emission line as a function of temperature is presented in Fig. 5.12b. Experimental
data were approximated with (5.11) with previously defined effective Debye temper-
ature ®p = 538 K. Similar to line position sensing, (5.11) was not suitable for the
calibration of the luminescence thermometer. Therefore, the experimental data were
perfectly fitted with simple exponential expression:

Av = Avuy+ A - e®T (5.12)

Bandwidth relative thermal sensitivity of Y,03:Nd>* 1 at % NPs was 0.36% K~!
at 298 K, which is comparable with S; of other Nd**-doped nanothermome-
ters: LiLaP4O,,:Nd>* 1% (0.32% K~!), LiNdP4O;, (0.46% K~') and YVO,:Nd>*
2.4 at.% (0.14% K~'). Temperature sensing based on bandwidth demonstrated supe-
rior accuracy in a wide temperature range: 0.2 K at 323 K and 0.5 K at 498 K. It is
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Fig. 5.12 a Normalized emission spectra of 4F3/2 -4, 12 transition obtained at different temper-
atures (123-873 K); b FWHM of *Fz/» (R}) — *I;12 (Y}) transition as a function of temperature
[71]
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noteworthy that the temperature resolution was found using acquisition and analysis
of consecutive photoluminescence spectra.

5.6 Lifetime Thermometry

In contrast to the temperature readout from the intensity of a single emission line,
the determination of temperature from the emission lifetime is not really compro-
mised by changes in measurement conditions. Additionally, it is not affected by the
inhomogeneity of the probe material. Lifetime measurements have better detection
limits than the measurements of intensity, which is important for high-temperature
applications and, generally, they present smaller uncertainties compared to those
in measurements of intensity [75]. Lifetime-based thermometry, like the ratiometric
intensity method, is self-referencing, but it needs the observation of just one emission
line. The drawbacks of lifetime measurements are that they require relatively expen-
sive equipment, and, compared to the emission intensity, a longer time to collect
experimental data and a more complex processing of emission decay data to derive
lifetime values. In addition, the temperature change of the excited state lifetime of
rare earth ions generally shows two regimes, which can be easily understood from
following equation:

“(T) = (1) (5.13)
1+ 7(T) -k, (T)

where t and 7, are the observed and radiative lifetime, &, is nonradiative decay rate.
At low temperatures, where the values of the nonradiative rate are negligible, the
lifetime is equal to the radiative lifetime, T = t,. The radiative lifetime only slightly
changes with temperature: 7, (T) = 1,0exp(—aT), where « is the phenomenological
parameter of order 10~* K~! or less. Therefore, at low temperatures, lifetime only
slightly decreases with temperature increase or does not change at all. As a conse-
quence, the lifetime method is practically insensitive to temperature changes in this
range. At higher temperatures, the nonradiative decay rate sharply increases, leading
to a steep decrease in observed lifetime. The temperature point of the transition
between two regions essentially depends on the energy difference between excited
levels of rare earth ions and the closest lower energy level or charge-transfer band,
and on the phonon energy of the host material. Examples of lifetime temperature
dependences of some rare earth-doped metal oxides and salts are shown in Fig. 5.13.
The temperature region of lifetime insensitivity presents a major obstacle to its use.
This region frequently covers the physiologically relevant temperature range and thus
prevents the use of the majority of lifetime based thermal sensors in biomedicine. On
the other hand, in the high temperature region, lifetime method is very sensitive. It is
worthy of note that the uncertainties in decay times are generally smaller than those
in emission intensities and that the current technology facilitates measurements of
very short decay times. Therefore, the lifetime sensing technique has the potential



88

I. Kolesnikov and A. Manshina

Fig. 5.13 Temperature 107
dependences of lifetime of
some lanthanide-doped metal , | mniem
oxides and salts. Shadowed 1
areas show temperature \
insensitive regions [76] - 10 N
“EJ’ 3 , .3 AN, : Eu
£ 400 : .
% LaVO, : Bu" " “u
'1 0-6 - ‘.
A LaPO, : Eu
107 \
( .|l| W0, : Pr
1 O-R ' ' ' ' L '
400 600 800 1000 1200 1400

Temperature (K)

to present better temperature resolutions than intensity-based measurements and has
larger high-temperature operating bounds.

By analyzing the data from Fig. 5.13, one can conclude that Pr** ions display
better lifetime temperature dependence in 300400 K range compared with Eu**
ions. LiPr(POs)4 was tested by Gharouel et al. as lifetime-based contactless ther-
mometer within 298-363 K temperature range [77]. Emission spectra of LiPr(POs3)4
sample normalized to *Py—>F, transition as a function of temperature obtained upon
laser excitation at 488 nm are presented in Fig. 5.14a. In this wavelength region,
there are two distinct emission bands attributed to the *Py—>Hg and 3Py—>F, transi-
tions respectively. The temperature increase results in a more pronounced decline
in 3Py—*Hg intensity compared with that of 3Py—F,. Fluorescence decay curves
from 3P, energy level of Pr’* ions registered at different temperatures upon pulsed
laser excitation at 488 nm are shown in Fig. 5.14b. The luminescence decay curves
demonstrated an exponential behavior in the entire temperature range. Figure 5.14c
represents the temperature evolution of the normalized decay time, Thorm(7'), defined
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Fig. 5.14 a Emission spectra of LiPr(PO3)4 sample as a function of temperature obtained under
laser excitation at 488 nm, b fluorescence decay curves of >Py level recorded at different temperatures
upon 488 nm laser excitation, ¢ normalized 3p, lifetime as a function of the temperature [77]
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as Trorm(7T) = 7(T)/7 (298 K). The luminescence lifetimes versus temperature mono-
tonically decreased in 298-363 K temperature range and followed a linear behavior
(t =a+ bT).

Lifetime-based thermal sensitivity of LiPr(PO3)4 sample was 0.62% K~', which
was approximately in the same order of magnitude than the sensitivities of previ-
ously investigated praseodymium and chromium-doped lifetime based thermome-
ters (0.59% K~! for NaPr(PO3)4, 0.50% K~! for Cr**:Y;Al50,, 0.83% K~! for
Cr3*:LiAlsOg). The temperature resolution of LiPr(PO3)4 was determined to be 0.8 K,
much higher than those obtained for different lifetime thermometeric sensors such as
BaCIF:Sm** (AT =5 °C) [78], Er**-doped fibers (AT =4 °C) [79], and Cr**:Al, 03
(AT ~ 2.4 K) [80].

5.7 Conclusion and Perspectives

The analysis presented in the chapter demonstrated that temperature has become a
measurable characteristic at micro- and nanoscale owing to the colossal progress in
the technique of luminescence thermometry. The luminescence thermometry relies
on high thermal sensitivity of luminescence characteristics such as luminescence
intensity, spectral line position, bandwidth, and excited state lifetime, of various
materials—from organic dyes to rare earth-doped nanophosphors. The latter objects
seem to be the most promising among others. They provide a wide measurable
temperature range (from cryogenic to technological values) due to narrow emis-
sion lines, high thermal and chemical stability. The current record parameters of
luminescence temperature sensors combine high relative thermal sensitivity (> 1%
K1), thermal resolution (~ 0.1 °C) and spatial resolution (< 10 pm) with short
acquisition times (< 100 ms). These high performance features are provided both
by the use of rare earth-doped phosphors as temperature sensors and by the ratio-
metric thermometry approach that exploits the relative change in the intensity ratio
of two energy-close transitions. The important feature of the ratiometric thermom-
etry discussed in the chapter is the consideration of the thermodynamically quasi-
equilibrium state, the so called thermally coupled levels, with energy difference from
200 to 2000 cm ™. In practice, the ratiometric approach can be realized by excited or
ground electronic energy levels and two Stark sublevels. Moreover, various readout
strategies can be used, such as peak-to-peak and peak-to-valley ratios. Other variants
of readout strategy can be realized by means of monitoring the spectral position of
the emission lines, bandwidth, and lifetime. Each strategy offers its own advantage
and applicability in the specific field.

In such a way, the progress of luminescence thermometry resulted in the creation
of breakthrough technologies in various areas of application such as micro- and nano-
electronics, micro- and nanofluidics, photonics, and nanomedicine. As a feedback
of the technological progress, new challenges towards luminescence temperature
sensors appeared that are connected with requests for further improvement of param-
eters and broadening of the areas of application. In spite of the already achieved and
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extraordinary temperature performance of luminescence thermal sensors, there are
urgent tasks that can be prioritized. First of all, the spectral range of the luminescence
thermometry has to be widened to NIR emissions correlated with optical windows in
biological tissues that is of great importance to application in biomedicine. Another
interesting problem to be solved is connected with the fundamental development
of the luminescence thermometry by considering alternative strategies such as ratio-
metric approach based on non-thermally coupled levels and the use of multiple emis-
sion centers (couples of different rare earth ions or combinations of rare earth ions
with other luminescent elements). The next very ambitious and very promising task
is combining the fields of luminescence microscopy and luminescence thermometry.
The current achievements of luminescence microscopy allow visualization of objects
below the resolution of a light microscope, resulting in in vivo noninvasive study of
ongoing biological processes and 3D optical tomographic reconstructions. Integra-
tion of luminescence microscopy and thermometry in mutual technological protocol
will provide multimodal spectral diagnostics with potency of 3D visualization and
thermal mapping with micro- and nanoscale resolution. It should be noted that other
variants of dual- or multi-sensing devices with thermometric functionalities are also
promising and realizable. Further progress in fundamental and applied luminescence
thermometry is inevitably approaching.
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