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Abstract

The temperature dependence of the Er** green luminescence in Y3GasO:» crystal were
analysed under ultraviolet and near-infrared laser excitations for optical sensing purposes.
Changes in the relative green emission intensities from the *H1/» and *Saj, thermally-coupled
multiplets to the *I1s, ground state were measured from room temperature up to 1000 K. The
calibrated temperature scale shows a maximum in the absolute thermal sensitivity of ~23.9 x
10" K at 580 K and a relative thermal sensitivity of ~1.36 %K™ at RT, combining results
for both blue and near-infrared laser excitations. The excellent results obtained, compared
with other Er**-based optical temperature sensors, are a consequence of the advantages of
garnet crystals as optically efficient hosts that, apart from an impressive capability to be
synthesized both as bulk and fiber forms, allow extending the long working temperature
range up to 1000 K, and beyond, to the melting point limit close to 2000 K. In addition, the
use of green emissions for the temperature calibration, with negligible black-body radiation
disturbance, only needs a low-cost, basic setup that uses commercially available lenses, lasers
and detectors. All these facts support the Er**-doped Y3GasO1, garnet crystal as a potential
candidate as temperature sensor, showing large sensitivity and good temperature resolution

for ultra-high temperature industrial applications.
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1. Introduction

Temperature (T) is the most widely measured variable in industrial equipment and
processing, in which damage prevention is the key word. The importance of controlling
and/or measuring temperature in many daily life devices and in modern technology can be
quantified: T-sensor market size overcame 7 billion USD in 2019 and is estimated to increase
~4% (compound annual growth rate) between 2020 and 2026 [1,2]. This growth is being
boosted by new applications, such as healthcare equipment, home smart sensing, industrial
automatization, food safety, and space sensing. Thermal accuracy and performance of
industrial equipment, analytical instrumentations, and medical devices are relevant
parameters to take into account when selecting the best T-sensor, in which parameters such as
operating environment and range, location, material compatibility and sensitivity variables,
among others, must be evaluated throughout the design process [3].

In this global market, the four most sold T-sensors, ranging in responsiveness and
accuracy from high to low, are negative coefficient thermistors (up to 425 K), resistance
temperature detectors (up to 900 K), thermocouples (up to 2000 K) and semiconductors-
based sensors (up to 425 K) [4]. However, nowadays specialized industrial processes at
extreme conditions, i.e. low or high temperatures and/or pressure, inert or acid environments,
etc, in micro- and nano-sized devices are gaining relevance [5]. Thus there is an increasingly
demand to design temperature [6-15], pressure [14-18] and/or pH sensors capable to
calibrate and control such processes. Focusing on the optical temperature sensors (OTS) field,
research has been greatly stimulated by the requirement for remote, non-contact, safe,
inexpensive, and reliable sensors in monitoring body temperature, e.g., as a fast testing of
COVID-19 effects, and the electrical transformer temperature in sensitive industrial
environments, especially those related to oil refinery industry. OTS are also especially useful
in biomedicine and nanoengineering fields, in which spatially-resolved temperature control of
hot spots in hardware architecture or a deeper skin penetration depth of temperature readouts
are necessary [19]. The known benefits of OTS, compared to traditional electronic sensors,
include insensitivity to electromagnetic interference, large stability to environment, and
possibility of remote sensing. Well known Bragg grating and Fabry-Perot cavity architectures
applied on metal-coated fused silica and sapphire fibers have proven to be useful as OTS up
to around 1300 and 1800 K, respectively, although high temperature stability is still under
testing [20-23]. Others commonly OTS, used in the nanoscale, are carbon nanostructures,

guantum dots, porous silicon, organic particles and lanthanide-doped nanocrystals [24].



Two basic elements are required in OTS: an optically active material, in the form of
bulk, fiber or nanoparticle that will be placed physically at the desired position, and an optical
setup, which basically consists of an excitation laser source and a detection system [25,26].
The main advantage of these sensors resides in the absence of physical wire connecting
different components, since the propagation of the electromagnetic fields in the optical range
does not require them. In OTS, the readout of temperature comes from changes in the
photoluminescence of the optically active material that can be manifested in many ways, such
as the relative intensities of thermally-coupled emissions, the lifetime of the excited states,
the polarization of the emission, the line-shape of the bands, the energy-shift of the bands,
etc. [19]. Many OTS uses the luminescence intensity ratio (LIR) method, which is the most
widely used technique to calibrate temperature. This technique relies on calibrating the
dependence of temperature of the active material on the relative intensities of two thermally-
coupled emissions [25,26]. The main advantages of the LIR technique for temperature
sensing are its insensitivity to fluctuations of the laser excitation source and to noise in the
detection system. In addition, for low pumping power, i.e., in a “quasi-thermal equilibrium”,
the intensity ratio does not depend on the laser source but on the populations of the involved
levels and their de-excitation probabilities. Otherwise, laser power may increase the
temperature of the sample, generating phonons in the optically active material and breaking
the thermal equilibrium of the OTS.

Temperature sensing based on lanthanide (Ln**) ions luminescence in the optical
(UV-Vis-NIR) range uses a pair of 2L, multiplets whose energy gap is of the order of
thermal energy. This assures the thermally-induced population of the upper multiplet at the
expenses of the population of the lower one. Some of the trivalent lanthanides (Ln**) ions
present this kind of thermally-coupled emitting multiplets useful for sensing purposes, such
as Praseodimium (Pr®*), Neodymium (Nd*"), Europium (Eu®"), Holmium (Ho*"), Erbium
(Er**) and Thulium (Tm**) [27]. In particular, trivalent Erbium (Er**) takes advantage of the
thermally-coupled green emitting levels, which can be easily excited using low-cost violet,
blue, green or NIR lasers, as well as the negligible system’s blackbody radiation overlapping
effects at very high temperature.

Concerning host materials, Ln**-doped, glass-based OTS have been proven to operate
up to ~750 K to the best, since they are limited to work below the glass transition temperature
[28-33]. Although this limit is overtaken up to 1000 K by lanthanide-doped nanocrystals
[34], bulk crystals with high melting temperature can be potential low-cost materials for

sensing at even higher temperature in industrial applications. Garnet crystals, with an
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impressive capability to be synthesized in a shape-controlled way in cylindrical, prismatic
pixel array or fiber forms [35-40], and a melting temperature in the range of 2000-2300 K
[41,42] seem to be ideal candidates for OTS at very high temperature in industrial
applications. In addition, properties such as high mechanical strength and good thermal and
optical properties have made the garnet family one of the most used host matrices for doping
with Ln** optically active ions as laser medium [43] and scintillators, widely used in many
detection systems addressing different fields, such as medical imaging, homeland security,
industrial control, oil drilling exploration, and high energy physics calorimetry [35,37,39,44].

In this work, we present the temperature-dependent Stokes and upconverted emissions
of Er¥ ions in Y3GasO1, (YGG) garnet bulk crystal, synthesized by the micro-pulling
technique and with the capability to be shape-controlled as cylindrical bulk, prismatic pixel
array or fiber forms with high transparency, in order to analyse its viability as a versatile and
large working range OTS for industrial applications up to, and beyond, 1000 K.

2. Experimental

The Y3GasOs, single crystals doped with x=0.1 and 1 at.% Er®" in the melt were
synthesized by the micro-pulling down (u-PD) growing technique using an iridium crucible
under (Ar + 2% O,) atmosphere with an RF heating system at the Institute for Materials
Research (IMR, Tohoku University, Japan) [45]. For the synthesis, stoichiometric mixture of
4N Y,03, B-Ga,03 and Er,03 powders (Iwatani Co.) was used as starting material. The u-PD
technique consists on a continuous transport of the melted material through holes at the
bottom of the crucible and its continuous solidification in a liquid, or solid, interface [45-47].
The melt and the crystal are pulled down with different velocities [48]. The general procedure
followed to grow crystals through this technique is composed of several stages. Firstly, the
crucible is charged with a mixture of powders and then, it is heated until these materials are
completely melted. After this, the seed is displaced upward until it reaches the crucible,
forming the meniscus and partially melting the top of the seed. The shape of the meniscus is
continuously corrected through adjusting the crucible temperature and the position of the seed
crystal. The YGG crystal was grown using a seed of a <100> oriented Y 3AlsO;, crystal and a
pulling rate of 0.05-0.07 mm/min. Finally, the grown crystal, with typical diameter of 3 mm
and length of 20 mm, is separated from the meniscus and they are cooled to room
temperature. The u-PD growth apparatus for garnet crystals is shown elsewhere [35].

Optical properties of Ln®" ions are ruled by their local structure in host matrix. The

fine structure of ***L; multiplets and the forced intra-configurational 4f-4f electric-dipole
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transition probabilities in the optical (UV-VIS-NIR) range are intimately related to this local
environment. X-ray diffraction pattern (not shown) indicates that the yttrium garnet
crystallizes in the la-3d cubic space group, in which Y3 is surrounded by eight oxygen
ligands with two main distances (2.36 and 2.46 A) and Ga** ions occupy two inequivalent
sites, i.e., a short GaOy, tetrahedra with a bonding distance of 1.87 A and a GaOs octahedra
with a longer bonding distance of 2.02 A [35]. The Er** ion replaces, without charge
compensation, the yttrium one showing a distorted D, local point symmetry that leads to the

total breakdown the 2L,

multiplets degeneracies to give (2J + 1)/2 crystal-field, or Stark,
levels [49]. It is worth noting that the garnet structure is stable up to its melting point (2000-
2300 K).

The absorption spectrum in the visible and NIR ranges was measured using a
spectrophotometer (Varian Cary 5000). Temperature-dependent Stokes and upconverted
photoluminescence experiments from room temperature (RT) up to 1053 K and 983 K,
respectively, are described elsewhere [35]. For temporal dynamic measurements, a 10 ns
pulsed optical parametric oscillator OPO (EKSPLA/NT342/3/UVE) was used, and the green
luminescence was detected by a photomultiplier (Hamamatsu R928) through a single grating
monochromator (Jobin-Yvon Triax 180) connected to a digital oscilloscope (LeCroy

WS424). All spectra were corrected from the instrument response.

3. Luminescence intensity ratio technique

LIR technique has been used to calibrate a temperature scale up to, and beyond, 1000
K using an optically active material, i.e., Er**-doped YGG garnet crystal, exploiting the
changes in the relative intensities of the green emissions from the “Hi1;, and “Sz, multiplets
to the “lisp ground state with temperature. This temperature dependence can be easily
understood using only three energy levels, i.e., the ground state Eo (‘lis level), and the
excited states E; (*Ssp; level) and E, (*Hiy level) (see Figure 1). With the structural data of
the Er** local environment in YGG, a crystal-field calculation was performed to obtain all the
energy level information of this optically active ion in this garnet crystal [50]. The thermally
coupled multiplets, located in the 18400 — 19400 cm™ range (see Figure 1), show an energy
gap of E»; ~763 cm™ that is of the order of magnitude of the thermal energy ksT at RT (~200
cm™), allowing a sharing of population between both multiplets that, in thermal equilibrium,
follows a Boltzmann distribution. The Er** ions in both multiplets de-excitate to the ground
state and the energy involved in this transition is partially emitted as green photons with

different probabilities, being larger for the ?Hi1, multiplet, as it will be shown later from



Judd-Ofelt calculations [50]. In fact, the “Hy1— 1552 transition is known to be hypersensitive
[33,51], i.e., its intensity shows a high sensitivity to the sort of ligand environment (ligand
type, coordination number, RE-ligand bond length, local site symmetry, covalency, etc...)

constituting the Er®* first coordination sphere [52].

! , 19326
19300 F 19311
[ 2 i 19293
[ HLE,9,
19200 L 19228%:. T[T A
[ | 10158 £
| |Ey7763emt | 10122 |3
19100 ||, 19116 °|<|3
Sy, =
18450£ 18465 :::::5f.‘_‘-f_:"-~~~_ 18431 (LIJ
H-’E\ 18400 A ) ?,18402
= LA A A, A
? 600 ;_ 20 10 20 10
v [ 527
c
o 900 3 481
: i 431
400 = 422
L c c
L o o
300 F 3 18
- ¥...¥.....
200 [
100 | 88
: 3+ w33
ot YGGEr 3

Figure 1. Energy level diagram of the three levels system involved in the thermalized green emissions of Er®*
ion in Y3GasO; garnet crystal, calculated using the crystal-field theory. Multiplets (in red) and Stark levels (in
black) are given, together with the barycentre, or centres of gravity, of the Stark levels (dashed horizontal lines).
E21 is the energy gap between the two excited thermalized levels; g; is the degeneracy of the i-th level; and 4;; is

the spontaneous photon emission rate between the i-th and j-th levels.

Thus the Boltzmann's distribution law describes the intensity behaviour of these

thermalized multiplets as a function of temperature as follows [19,27,53,54]

LIR = 20 = (Gzodlta) | (M) _ (caodaohts)  (52). e gt =c.e et (1)

I1o €10410hv1 Ny c10410hv1 g1

where l1g and Iy are the areas under the green emissions bands of thermalized multiplets, and
N; and N, are the populations of the E; and E, multiplets, respectively, whose N,/N; relative

value follows the Boltzmann’s distribution law, if the laser power does not heat the host



matrix. This relative population is ruled by the exponential factor, which includes the
temperature T of the host matrix and the environment; the Boltzmann constant kg; and the
energy gap Ez; between the pair of thermalized multiplets. On the other hand, the pre-
exponential factor C depends on different parameters: the instrument response cio, which is
equal to unity since emission spectra have been corrected from the setup response; the energy
of the transition from each multiplet to the ground state hv;; the degeneracies of the
multiplets g;; and the spontaneous emission rates A,, and A, of the E; and E; multiplets to
the Eo ground state, respectively. These rates can be written as A,, = B0+ 4, and
Ao = P10 * A1, being B;, the branching ratios, which is the fraction of the total photon flux
from the upper multiplet E; that goes to the ground state Eo, and A; the radiative emission
probabilities of each thermalized levels to all multiplets at lower energies. As pointed out by
Suta and Meijerink [55], the pre-exponential factor C is usually considered as temperature
independent. However, branching ratios and radiative decay rates can be thermally affected
when the degeneracies of the thermalized multiplets are broken by the crystal-field into Stark
levels, which are not equally populated at low temperatures and the Boltzmann equilibrium
between multiplets is not sustained. Only if ksT»E,; the population among the Stark levels
can be considered in thermal equilibrium and the Boltzmann distribution rules in a practical
way, the relative populations of the thermalized multiplets. However, in all practical cases the
temperature dependence of C is much weaker than that of the exponential factor in Eq. (1)
[55].

When analysing the LIR measurements, it is important to understand which
parameters are really sensitive to the nature of the host matrix, i.e., to the nature of the
ligands surrounding the optically active Ln** ion. Since the energy level diagram of the free-
Er®* ion is barely independent on the host matrix, when the Er** ion enter in a certain oxide,
fluoride or oxyfluoride local structure in a host matrix, the magnitude of the Ln**-ligands
interaction slightly modifies the energy level diagram by an amount that can be typically of
the order of a few tens of cm™. This crystal-field interaction is of much lower magnitude than
the free-Ln®" interactions, which includes electrostatic and spin orbit interactions, and it is
considered as a perturbation over the free-Ln** multiplets, resulting in several Stark levels
that depends on the point symmetry of the local site. In summary, the energies of the
transition levels involved in the thermal sensor and their energy gaps are expected to be
comparable, but not equal, from one matrix to another, as well as the ratio of degeneracies of

the thermalized multiplets. Thus the only parameters that strongly depend on the host matrix



are the spontaneous emission probabilities A; [33]. Taking advantage of the Judd-Ofelt theory
[51,56], that allows calculating the branching ratios and the radiative absorption and emission
probabilities between any two multiplets of a Ln** ion in a host matrix, the ratio Az/Aso can

be described as a function of a set of three parameters, (€22, Q4, {26) as

oo Ay P21y B2o Az ~Fayy
LIR =— X —"-" kpT = 2-._<. kgT
GREEN o A e 310 A, e

—E
Bao | (0.7158 Q,+0.4138 Q,+0.0927 96) e 21/kBT
B1o 0.2225 Qg

(2)

where the (S0l o) ratio usually ranges from 1 to 1.5 for different host matrices, using the
double-reduced matrices of Carnall et al. [57] and Weber [58] or those calculated for the
YGG garnet by Mufioz-Santiuste [50]. At first glance, those host matrices that may show
large Q, and Q4 and small Qg parameters would show larger LIR, especially those matrices
that show high degree of local distortions of the Er®* environments that results in larger Q,
values [33,51,52].

In order to characterize the OTS, it is necessary to provide the rate at which the LIR

varies with temperature, known as the absolute thermal sensitivity Sa [33]
ALIR E E ~E21
so= |G| =ur- () =[c- ()] e r ©

where C is the pre-exponential factor, and also the relative thermal sensitivity Sg (in % K™)

_ 1 |aLIR (B2
Sp =100 — =100 (kTZ) (4)

that only depends on temperature and the energy gap between multiplets, being evident that
the larger the energy gap the higher the relative sensitivity. Nonetheless, the larger the energy
gap the lower the population and, hence, the LIR values may show larger uncertainties.

The (ca0/c10) ratio makes the LIR equation, and the sensitivities, independent of the
optical setup used, allowing comparing different Er**-based OTS. However, the way LIR has
been calculated is of paramount importance and it depends on how the 1o and I, integrated
intensities have been calculated, for which no standard method has been established. Thus,
precise comparison between OTS, based on the absolute and the relative sensitivities that are
directly related to LIR, is very difficult. The absolute sensitivity Sa is basically related to the
emission probabilities and the average energy gap between barycenters, or centres of gravity,
of the thermalized multiplets E,; (see Egs. 1 and 3), whereas Sg depends only on this energy
gap. In the literature is common to see ranking lists of OTS based on the Sk value, for which

E.; is normally obtained from the fitting of the experimental LIR to Eq. (1). However, this
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fitting may both underestimate or overestimate the energy gap between the 2Hii;, and “Ss,
thermalized multiplets in Er**-doped systems, e.g. the reported value of Ex= 400 cm™ for a
silicate glass co-doped with Er** and Yb** ions [59] sems unrealistic, unless further
comprehensive explanation, since no large changes in the emission energies from the
thermalized multiplets are expected among different hosts.

Realistic values of the energy gap Ezi can only be calculated analysing the free-Er**
ion interaction plus the crystal-field perturbation in each host matrix. These calculations,
which give the energies of the multiplets and their Stark levels of Er®* ion, provide a value of
E»;1=763 cm™ for the energy gap in YGG crystal (see Figure 1) [50], which is quite similar to
762 cm™ in Y3Als012 (YAG), 759 cm™ in YAIOs, 760 cm™ in Y203, 769 cm™ in Er,0; [50]
or 751 cm™ in YVO, [60]. However, this energy gap increases up to 804 cm™ if the
barycenters, or “centers of gravity”, of the Stark levels of each multiplet are considered (see
Figure 1).

A theoretical LIR calculation can be performed in the framework of the Judd-Ofelt
theory [51,56]. The RT absorption spectrum of (Ygo.g99Er0.01)3GasO12, i.e. doped with 1 at.%
Er®*, garnet crystal, shown partially in Figure 2, presents bands associated with Er** intra-
configurational 4f **-4f ' electronic transitions, starting from *l35;, ground state Stark levels to
those of the excited multiplets. Transitions between multiplets have been identified and
labelled based on the Dieke's diagram [61] and are electric-dipole in nature, except for the
*l135, first excited state that also have a magnetic-dipole contribution [62]. It is worth noting
that sharp peaks confirm that Er** ions are incorporated in the crystalline garnet structure, and

a partial energy level diagram of the Er®* ion in YGG garnet is given in Figures 1 and 2.
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Figure 2. (Left) Partial absorption spectrum of the YGG: Er®* garnet crystal showing the transition energies
from the “ls» ground state to the excited multiplets. The partial energy level diagram of the Er®** ion
incorporates (middle) the 488 nm ground state absorption (GSA, blue line), the multiphonon de-excitation
channels (black dotted lines) that populate the thermally coupled multiplets, from which the Stokes green
luminescence takes place (green lines), along with different cross-relaxation energy transfer processes (in dotted
lines and roman numbers). (Right) The partial energy level diagram incorporates the 968 nm ground state
absorption (GSA, red line), which activates the excited state absorption (ESA, solid red lines) and energy
transfer (ETU, dashed red lines) to populate the thermally coupled multiplets, giving rise to the upconverted
green luminescence (green lines).

The set of Judd-Ofelt parameters have been calculated using the areas of the
absorption bands and the calculated reduced matrix elements [50], and for the Er®" ions in the
YGG crystal are found to be (€,=0.93, 2,=1.68, Q¢=0.42 x10?° cm?), which are larger than
(©,=0.33, 0,=0.26, Q6=0.33 x10%° cm?) [63,64], calculated in the same garnet at 700 K but

not using the absorption to the “l13 due to its large magnetic dipole contribution. With the
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calculated spontaneous emission probabilities of the ?Hi1/, (4338 s™) and *Sz;, (778 s™) levels
to the ground state, the theoretical green LIR of Er** ions in YGG crystal is

LIR = 17.42 exp(— %) (5)
where 763 cm™ is the gap between the ?Hi1/» and the “Ss;, thermalized levels and it has been
obtained from the crystal-field calculations [50], although is quite similar to 804 cm™
calculated with the barycenters, or centres of gravity, of the Stark levels or ~810 cm™
measured from the absorption spectrum (see Figures 1 and 2).

Theoretical parameters for the green emissions of Er** in YGG are presented in
Figure 3. At RT, LIR has a value of 0.35 and an Sa of 45.5 x 10™ K™, whereas a maximum
value of 80.3 x 10 K™ is predicted at 583 K, among the highest values found. As it will be
discussed later, an overestimation of the radiative probabilities for the 2Hi1, and the *Ss;,
emitting levels is usually found, due to the calculation process of the Judd-Ofelt parameters,
resulting in a larger theoretical LIR than the experimental one. Changes in relative thermal
sensitivity are even larger, ranging from 1.23 at RT and rapidly decreasing to 0.11 at 1000 K.

Finally, regarding the temperature uncertainty, o7, this parameter quantifies the
smallest temperature change (temperature resolution) that can be achieved in a certain

experiment [27]

LN

5T == |2 (6)

_SR

where d4/4 is the relative uncertainty on 4 calculated using
8 _ (6&)2 N (@)2 %
A Iio

Iz0
where odlio/lip is calculated dividing the readout fluctuations of the baseline by the maximum

value of each intensity, i.e., 130 and l,. In addition, since the integrated areas are calculated

from the same emission spectra it results that dl19 = 0l = Jl.
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Figure 3. Theoretical luminescence intensity ratio (LIR), and absolute (Sa) and relative (Sg) thermal
sensitivities for the green thermalized emissions of Er** in Y3GasO1, garnet crystal.

4. Results and discussion
4.1 Stokes and upconverted luminescence

The RT Stokes, or down-shifted, emission spectrum of YGG: Er** (1 at.%) under 488
nm laser excitation and a pump power of 13 mW is shown in Figure 4. After the resonant
absorption of one photon at 488 nm, the Er*" ions are efficiently promoted to the *Fy,
multiplet (see Figure 2), from which they decay non-radiatively, mainly due to multiphonon
relaxations, populating the ?Hi1/; and “Ssj; thermalized emitting levels [65]. Emission peaks
from the *Ssj, Stark levels are expected but, due to the small energy gap between multiplets,
the *Hiy;, Stark levels are thermally populated and therefore, emit as well. Absorption and
emission of high-energy phonons (hvmacz 750 cm™ in YGG) allow the thermalization to
reach a steady-state situation, and both ?Hi1;, and “Sg, levels behave as a single level of the
Er** ion with only one de-excitation behaviour (radiative and non-radiative) to the lower
states of the 4f ' ground configuration. Although this study is focused on the
2Hy11,*S30—"l1512 green emissions, there are also important emissions from the “Fgy, (~650
nm), *l112 (~975 nm), and *l15, (~1530 nm) multiplets to the *l35;, ground state (not shown).
As in absorption, sharp emission peaks confirm the successful incorporation of Er®* ions in

the crystalline network.
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Figure 4. Partial absorption (in red) and Stokes emission (in black) spectra of Er** (1 at.%) in Y3GasO:, garnet
crystal. Labels for Er®* transitions are also shown. Inset shows the luminescence decay curves of the thermalized
levels under a resonant excitation at 525 nm and monitoring the emission at 555 nm for 0.1 and 1 at.% of Er®".

Comparison of intensities in the absorption and emission spectra in the visible range,
shown in Figure 4, clearly highlights the differences in the transition probabilities between
the thermalized levels. The “lis,—2Hi1, hypersensitive transition, which has the second
highest oscillator strength among all the Er** intra-configurational transitions in this optical
range, is strongly dependent on the Q, Judd-Ofelt parameter. As already mentioned, this
parameter is closely related with the nature of the environment of the active ion in the host
and, consequently, varies appreciably with the composition [51,52].

The luminescence decay curves of the thermalized levels, exciting resonantly the
*115,—?Ha1s, transition at 525 nm and detecting the *l15,—"Sap, transition at 555 nm, present
a concentration-dependent behaviour. Since we are dealing with two thermally-coupled
levels, the calculation of the emission lifetimes has to be taken considering an effective

radiative lifetime for both multiplets based on Boltzmann distribution:

E21
1 Zj[g1A1j+ng2j exp(—KBT)] ®)
- E
Trad g1+92 exp(—%)
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where the summation extends to all the lower energy j multiplets. From the Judd-Ofelt
calculations, a value of t,,g=710 ps has been obtained.

In order to obtain an accurate value for the intrinsic effective lifetime of the
thermalized levels, a diluted (Yogs9Ero.001)3GasO12 crystal, i.e. doped with 0.1 at.% Er**, has
been synthesized. The luminescence decay curve, given as an inset in Figure 4, shows a pure
exponential decay curve that, in logarithm scale, is described by a straight line, and the
intrinsic lifetime o (=f t - I(t) - dt/ [ 1(¢) - dt), which in this case coincides with the time
necessary to decay a factor 1/e, is ~145 us. Taking into account that this lifetime includes the
radiative plus the multiphonon de-excitation probabilities, which has to be considered when
incorporating the Er®* ions in solids, a rough estimation of the multiphonon relaxation
(Wyp = 151 — 771)) from the (*Hi1p,"Sa) thermalized levels to the “Fo, multiplet yields a
value of Wyp=5488 s™, which is almost 4 times larger than the spontaneous emission
probabilities. It is worth noting that the energy transfer contribution to the non-radiative de-
excitation probabilities has been discarded due to the low Er** concentration.

When concentration of Er®" ions is increased ten times, i.e. (YogsEroo1)3GasO1z
crystal, energy transfer relaxation processes among Er®* ions become important and a
decrease in lifetime is observed. Energy transfer is a very fast process, which usually depends
on the distance between Er** ions and the overlapping of its absorption and emission bands
[66], and can be easily identified by a non-exponential profile, especially at the early stages
of the decay curve, which shows a non-linear behaviour in a logarithm scale (see inset in
Figure 4). From the temporal evolution of the emission intensity, an estimation of the
average lifetime © (=f ¢ - I(t) - dt / [ I(t) - dt) can be done, giving a value of ~110 ps. Taken
into account all probabilities involved in the de-excitation of the Er** ions in the thermalized
levels and the intrinsic lifetime 1o, the energy transfer probability can be estimated to be
Wgr=2195 s for the YGG garnet crystal doped with 1 at.% of Er**, around 1.5 times larger
than the spontaneous emission probabilities. Figure 2 shows the most resonant cross-
relaxation channels, i.e., channel | (*Sa, “lisp—"l132, *lar2) and 11 (*Sziz, *liso—"lor, *lia),
that are involved in the energy transfer processes of the thermalized levels.

On the other hand, Figure 5 shows green upconverted emissions of YGG: Er** (1
at.%), which can be observed by the naked eyes after a resonant 968 nm pump laser
excitation of Er** ions from the *I1s, ground state to the *I11» multiplet. In contrast to down-
shifting, upconversion (UC) is a non-linear process in which the optically active ion is

initially excited to an intermediate, or reservoir, multiplet to, following a second or more
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steps, reach the excited emitting levels. Two mechanisms are usually responsible for this
process, i.e. the excited state absorption (ESA) and the energy transfer upconversion (ETU)
[67]. The former excites the same Er®" ion that is promoted from the ground state to the
intermediate level absorbing one photon and, during the same laser pulse, it absorbs another
photon to finally reach the excited emitting levels. The ETU mechanism involves energy
transfer processes between two physically nearby Er®* ions that have already reached the
intermediate level. One of these Er** ions return to the ground state, providing the transition
energy to the second Er®* ion to reach the emitting multiplets. It is worth noting that for a
better efficiency of this energy transfer mechanism not only these Er** ions should be close in
distance in the crystal structure, but also the overlapping of the emission and absorption
bands of the transitions involved should be as large as possible. Although both mechanisms

may contribute to the non-linear UC process, usually one of them dominates [67].
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Figure 5. Upconverted emission spectra of Er** (1 at.%) in YsGasOy, garnet crystal for different cw 968 nm
laser excitation pump powers. Labels for Er** ion green transitions are also shown. (Inset) Pump power
dependence of the green upconverted integrated intensity areas in double-log scale for the 2Hy1,—*l15, (green

hollow squares) and *Ss,—*l115, (green squares) transitions. Bound between emissions has been taken at 539.2
nm.

Focusing on YGG: Er** green emission bands related to 2Hi1/,Sa— 115/ transitions
under 968 nm laser excitation, resonant with the *l15,—"l11/» transition, it can be observed
that they are the same as the Stokes emission (see Figures 4 and 5). The non-linear nature of

the UC processes can be straightforwardly confirmed through the dependence of the green
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upconverted emission of YGG: Er®" with the cw 968 nm laser pump power, shown in the
inset of Figure 5. The number of photons involved during the upconversion processes can be
estimated according to the expression I o P™, where 1 is the upconverted emission intensity
(or the integrated areas of the upconverted emission bands), P is the pump power of the laser
excitation and n is the number absorbed photons required to produce an emission photon in
the UC processes [67]. According to inset in Figure 5, the energy equivalent to two NIR
photons is needed to produce the green emissions of Er®* in YGG. This result is well
correlated to the UC emission intensity increase as pump power increases (80-300 mW).
Slopes are clearly non-quadratic, with values around 1.9, but this effect typically occurs in
almost all host matrices, even reaching a linear dependency in the limit of infinitely large UC
rates [68].

The energy equivalent to two NIR photons needed in the process can be obtained
directly from the laser, as in ESA processes, or one laser photon plus the energy transferred
from one Er** ion in the intermediate, or reservoir, l11/, State that returns to the ground state,
as in ETU processes, following the (*li1s, *liyo—"l1si, *F712) cross-relaxation channel (see
Figure 2). To experimentally test which mechanism is the dominant one, temporal dynamics
of the UC processes has been measured after a laser pulse at 968 nm, monitoring the green
emission peak at 555 nm. Results, shown in Figure 6, are clearly different depending on Er**
concentration. For the low-doped (Yo.999Er0.001)3GasO1, crystal, the luminescence decay
curves, and the measured lifetimes of the green emissions are the same, independently of the
laser excitation, as shown in Figures 4 and 6. This indicates that the uniqgue mechanism that
rules the UC in this low-doped crystal is ESA, since the whole process occurs during the
same laser pulse, exactly the same result when exciting directly in the blue range. However,
for the (Yog9Ero01)sGasOx2 crystal, i.e., when the concentration of Er** ions is increased to 1
at.%, the dynamics of the UC after a laser pulse at 968 nm shows a fast initial rise, just after
the laser pulse, followed by a slow increase of the emission intensity up to ~20 us and then, a
slower decrease with time. The initial population is typical of ESA processes while the
following rise points to a contribution from a different mechanism, i.e., ETU processes,
which feed the green emitting levels. Since intermediate level lifetime is also involved in
ETU processes, and it is usually longer than that of the green emitting level, it needs more
time to populate the thermalized levels. Thus, it seems that both ESA and ETU mechanisms
contribute to the UC in the (Yog9Ero01)3GasO1, garnet crystal. Analysing the areas under

these two temporal evolutions of the intensities in both low- and high-doped crystals, once
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the maximum of the Er** low-doped curve has the same magnitude as the initial magnitude of
the high-doped one, it is possible to roughly estimate the contribution of each mechanism to
the UC processes. Results show that ESA contributes with ~25% to the UC, whereas the
dominant mechanism, with a contribution of ~75%, is ETU for the YGG garnet doped with 1
at. % of Er®" ions.
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Figure 6. Temporal dynamics of the green luminescence of Er** ions with 0.1 (green line) and 1 (red-brown
line) at. % in Y3GasO1, garnet crystals after a 968 nm pulsed laser excitation. Inset shows the temporal evolution
of the low-doped sample in logarithm scale.

4.2 Optical sensor calibration

Green emissions obtained through 488 nm and 968 nm laser excitations of the YGG
garnet doped with 1 at. % of Er®* will be employed for the calibration of an OTS working in
the visible range and at very high temperatures. The high intensities of the thermalized
transitions, the structural stability of YGG garnet at very high temperatures, the negligible
influence of black-body radiation, as well as the use of a low-cost, easy setup, using
commercially available low-cost lasers and detectors, make this Er** optically active ion plus
garnet crystalline host matrix combination a potential OTS at ultra-high temperatures for
industrial applications.

Er®* emission spectra in (Yo99Ero01)3GasO1, garnet crystal from RT up to 1053 K
range under a 13 mW cw 488 nm excitation are shown in Figure 7 (top), whereas the tem-
perature-dependent upconverted green emissions, corresponding to 80 mW 968 nm NIR laser
excitation, are also shown in Figure 7 (bottom) up to 983 K. In these figures, all spectra have
been normalized to the maximum intensity of the *Ss;,—"l15, emission at each temperature.

As expected, the emission bands show slight, irrelevant broadening increase with tempera-
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ture, but without changes or distortions in the Er** local structure since no energy shifts of
emission lines or the appearance of new ones are observed.

As temperature increases, the relative changes in the integrated intensities of the green
emissions follows the same rate for both laser excitations: the area of the emission associated
with the Hi1,—*lisp (I2) hypersensitive transition increases due to the thermally-induced
population coming from the *S, lower level, which decreases its intensity (I1) to the ground
state accordingly. This temperature-induced effect can be easily explained by the Boltzmann
distribution of population among non-degenerated Stark levels E; of the *Ss;, and *Hi1, mul-
tiplets (see Figure 1), given by

N; e_(kEI;_iT)
(L) ©)
Z?:ll e kpT

in which the lowest Stark level of the Sz, multiplet has been taken as the zero of energy.
Adding the populations of the Stark levels of each multiplet given by Eq. (9), it has been
found a population ratio between multiplets of

N2(*Hi1/2) _ 6.32:N
Nl( 453/2) - 9367N

= 0.07 atRT (10)

N2(*Hi1/2) _ 50.1'N
Nl( 453/2) - 499N

= 1.004 at 1053 K (12)

The combination of this population ratios and the larger spontaneous emission
probability of the upper level, i.e. Az/A10=5.6 obtained from the Judd-Ofelt calculations,
facilitates the large change of the luminescence intensity ratio between the thermalized green
levels of Er** in YGG garnet with temperature. It is worth noting that in the whole range of
temperatures studied, it was possible to measure these green emissions without any
disturbance from the black-body radiation of the furnace, although the total intensity of the
green emissions decay by two orders of magnitude, probably due to the increase of

multiphonon relaxation probability with temperature [55].
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Figure 7. Green emission spectra of Er** ions in YsGasO1, garnet crystal under (top) 488 nm and (bottom) 968
nm cw laser excitations in the 292-1053 K temperature range. Spectra are normalized to the maximum intensity
of the *Sz,—"l15, emission at each temperature.

This behaviour of 1; and I, with temperature confirm that the LIR=14/1, is temperature-
sensitive, as reported for other Er®*-bearing materials [6,11,69—78]. Since LIR shows the
same rate of change with temperature using two different laser excitations in the blue and

NIR ranges, data from both experiments have been used to obtain a unique fitting to the
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Boltzmann’s distribution law given in Eq. (1). The temperature dependence of the experi-
mental data thermometric LIR parameter in the 292-1053 K range is shown in Figure 8, in
which green filled squares come from the blue laser excitation and green hollow ones from
the NIR laser. It is worth noting that, to correctly determine the LIR, the spectra were con-
verted to the energy scale (eV) via the Jacobian transformation [1] and the bound between
both emissions was taken at 539.2 nm (~18546 cm™). However, two different fittings to Eq.
(1) have been developed: a first fitting considering a fixed value of 763 cm™ for the energy
gap E2; between the thermalized levels, obtained from crystal-field calculations [50], and a
second one in which the energy gap is also a free fitting parameter, yielding a final value of
812 cm™.

According to the fitting result for a fixed energy gap, shown in Figure 8 (left), the
values for the pre-exponential factor and the energy gap are C=4.70 and E;=763 cm™,
respectively, and a LIR fit with a R = 0.997. The thermometric response of the YGG: Er®*
garnet crystal was evaluated through the absolute S and relative Sg thermal sensitivities with
the help of Eqgs. (3) and (4), respectively. The maximum absolute sensitivity achieved is
~23.2 x 10* K™ at 549 K, whereas the maximum relative sensitivity is achieved at RT with a
value of ~1.28 %. K™ with an uncertainty in temperature of 1.22 K. However, when the
energy gap is allowed to vary in the fitting to Eq. (1), slightly different results are obtained,
being C=5.13 and E=812 cm™. In the latter calculation, the fitted LIR curve, shown in
Figure 8 (right), seems to follow the experimental data slightly better than the first fit,
showing a R?=0.999, and vyielding also a slight better pre-exponential value than in the
previous fitting procedure that is closer to the theoretical one of 17.42. In addition, the energy
gap that is quite close to 804 cm™ obtained from the energy difference between barycenters,
or centres of gravity, of the Stark levels of the thermalized levels (see Figure 1), and almost
the same value as that obtained from the absorption spectrum. This also implies that slightly
higher sensitivities are expected, and Sa is ~23.9 x 10* K™ at 580 K and Sg is ~1.36, with a

temperature uncertainty of 1.14 K at RT, comparable to that obtained in the first calculation.
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Figure 8. Luminescence intensity ratio (Stokes, green squares; UC, green hollow squares), absolute (red lines)
and relative (blue lines) thermal sensitivities and Eq. (1) Boltzmann type fits to the experimental data of LIR
(green lines) for an energy gap E; of (left) 763 cm™ and (right) 812 cm™ (see text).

These results are different from the theoretical ones, obtained by Eq. (5) and shown in
Figure 3. While relative sensitivities show only slight differences, the experimental absolute
sensitivities are clearly smaller than the theoretical one. The difference between the
theoretical and experimental calculations, combining the Judd—Ofelt theory and assuming a
Boltzmann distribution of population, may have different origins: the increasing overlapping
of peaks with temperature, the decreasing signal-to-noise ratio up to two orders of magnitude
when 1000 K is reached, compared to RT, and the re-absorption of the emitted photons by
other Er®" ions in the ground state that may decrease I, value [31]. All these facts complicate
the calculation of 11p and Iy and its relative changes. On the other hand, an error of ~10-20 %
in the Judd-Ofelt theoretical radiative probabilities is generally accepted [51], since the rms
method followed in the fitting process depends on the number of experimental oscillator
strengths and the values of the double-reduced matrix elements. In fact, it has been already
suggested that the use of the Judd—Ofelt theory in the theoretical engineering search for an
efficient OTS shows some limitations [33].

Especial attention has to be deserved to the temperature uncertainty. Even though the
uncertainty of 1.14 K at RT is high for biological applications, we remind that this is a
material whose performance as an OTS is focused on industrial applications, i.e., at very high
temperatures, in which extremely high temperature resolution is not necessarily needed. As
already mentioned, the relative sensitivity decreases to ~0.1 % K™ at 1000 K, as well as the
overall intensity of the green emissions that decreases by two orders of magnitude. These
facts have a large influence on the temperature uncertainty, especially the later one since Eq.
(7) predicts a large increase when Iy and I, intensities decrease. This is clearly reflected in

the increase of the temperature uncertainty, which gradually increases from 1.14 K at RT up
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to 15 K at the highest temperature reached in this experiment of 1050 K. It is worth noting
that this temperature uncertainty is still quite good for industrial processing at very high

temperatures.
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Figure 9. Evolution of the temperature uncertainty from 292 K up to 1053 K.

It is well known that the evaluation and report of the temperature uncertainty is highly
demanded in OTS designed for biological applications, requiring high temperature accuracy.
For OTS working in high temperature ranges, in which temperature accuracy is not that cru-
cial for industrial applications, such parameter is not commonly reported. In this sense, B.
Dong et al. reported an OTS based on Al,Os: Er**-Yb** nanoparticles for high temperature
applications with a temperature uncertainty around 0.3 K at 500 K, but obtained from the
absolute thermal sensitivity [78]. In 2017, R.G. Geitenbeek et al. reported an Er**-Yb** co-
doped silica-coated upconverting nanocrystals as temperature probe with a temperature accu-
racy of 1 to 5 K below 750 K [79]. In 2018, M.A. Hernandez-Rodriguez et al. reported the
capabilities of a Er**-Yb** ortho-aluminate nanocrystal perovskite as OTS working in the
physiological range of temperature as well as high temperature range up to 600 K, exhibiting
a temperature uncertainty of 6 K at 600 K [11]. Later on, these authors reported the applica-
tion of a Er**-doped yttrium oxysulfate nanophosphor as OTS operating in both physiological
and high temperature ranges, showing a maximum temperature uncertainty of 2.5 K at 475
K [6].

Finally, the sensitivity values obtained for the active material under study as an OTS,
i.e., ~23 x 10 K, although this value is achieved at ~543 K for an energy gap of 763 cm™
and ~580 K for 812 cm™, place the YGG: Er** OTS in the second part of Table 1, in which

the sensitive parameters of different Er**-based OTS are presented. On the other hand, the Sg
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values, taking 473 K as a common temperature for all samples, were 0.49 %K™ and 0.52 %K
! for the fittings done, respectively. Such values are comparable to the best Er**-based OTS
(see Table 1). However, we stress the extension of the YGG:Er** garnet crystal operative
temperature range (~1000 K), which is higher compared to many other sensors found in the
literature (see Figure 10), and could be increased up to 2300 K. Comparing these results, it
can be concluded that YsGasO12:Er** garnet crystal displays high temperature accuracy in a
wider temperature range and can be an excellent candidate as optical high temperature sensor
for industrial applications.

Table 1. Excitation wavelength (hey, nm), temperature range (AT, K), thermally coupled levels energy gap (Es,
cm™), the preexponential factor (C), the maximum absolute thermal sensitivity (S, x10* K™) and the relative
sensitivity at 473 K (Sg, %K™) of illustrative Er**- based optical temperature sensors involving the ratio of the

emission integrated areas of the Er** emissions associated to the 2Hy1p —* s and *Sg, —* sy transi-
tions.
Er’*-doped materials Jexc AT Ey, | C Sa (@t T, in K) Sk Ref.
2Ca0.Al,0; glass: Er’* 980 150-762 | 899 | 37.97 160.05 (642) 0.57 [29]
BiOCI: Er®" 980 298-778 | 864 | 6.51 28.55 (617) 0.55 [69]
BaGdFs: Er®* glass ceramic 980 300-720 | 859 | 4.78 21.09 (614) 0.55 [80]
YGG: Er** nanogarnet 488-800 | 300-850 | 850 | 8.21 36.60 (607) 0.54 [81]
YGG: Er** garnet crystal 488,968 | 292-1053 | 812 | 5.13 23.94 (580) 0.52 | This work
YGG: Er* garnet crystal* 488,968 | 292-1053 | 763 | 4.70 23.34 (545) 0.49 | This work
YAP: Er**-Yb®* nanoperovskite 980 296-600 | 751 | 5.77 29.11 (536) 0.48 [11]
NaYF,: SiO,: Yb**- Er® nanocrystal 980 300-900 | 716 | 9.4 49.75 (512) 0.46 [79]
BaMoO,: Yb*- Er** 980 298-573 | 686 | 20.06 110.81 (490) 0.44 [70]
Y,0,S0,: Er’* 975 295-473 | 675 | 13.02 73.07 (473) 0.43 [6]
AlL,O3: Er*-Yb* nanoparticles 978 295975 | 675 | 9.63 54.06 (482) 0.43 [78]
Silicate glass: Er*— Yb** 978 296-723 | 415 | 3.65 33.33 (296) 0.27 [59]

*The value of the energy gap was fixed to 763 cm™ in the fitting process.
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Figure 10. Comparison of the relative sensitivity Sg at 473 K and working temperature range of some
representative Er**- based optical temperature sensors.
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Conclusions

Temperature dependence of the green emissions of Er** ions in YsGasO1, garnet
crystal were studied under 488 and 968 nm laser excitations. A calibration of the relative
intensities of the green emissions from the *Hya/, and “Ss, thermally-coupled multiplets to the
*I15:, ground state were calibrated within temperature range from 292 K up to, and beyond,
1000 K. The temperature scale obtained from the calibration procedure revealed a maximum
in the absolute thermal sensitivity of ~23.9 x 10* K™ at 580 K and a relative thermal
sensitivity of ~1.36 %K™ at RT, combining results for both laser excitations. Comparison of
the performance of Er**-doped YsGasO:» garnet crystal with other Er**-based optical
temperature sensors, and considering its outstanding advantages, such as a long-working
temperature range with a physical upper limit of ~2000 K, capability to be synthesized in
cylindrical bulk, prismatic pixel array and fiber forms, a stable structure up to 2300 K, a
negligible black-body radiation interference, as well as a low-cost, basic setup, using
commercially available low-cost lenses, lasers and detectors, strongly support the Er**-doped
Y3Gas0s1;, garnet crystal as an excellent candidate optical temperature sensor, exhibiting large
sensitivity and good temperature resolution for ultra-high temperature industrial applications.
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