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Neodymium(III)-doped Y3;Al,Gaz;0¢; garnet for multipurpose
ratiometric thermometry: From cryogenic to high temperature sensing
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Nd3*+-doped Y3;Al,Ga30;, garnet ceramic pellet was prepared by solid state reaction and used as prototype to
investigate the potential of Nd**-activated garnet phosphors as Boltzmann thermometers for cryogenic and high
temperature ranges. Despite the conventional use of the near-infrared emitting Nd3*-activated phosphors for
biological applications, their real use is hindered by a low sensitivity in the physiological temperature range.
Instead, the photoluminescence analysis in the 100-800 K range demonstrated interesting performances in both
the cryogenic and high temperature ranges. Indeed, by taking advantage of the Stark levels of *F3 /2 (Z-levels)
and the ratio between the emission from the ‘Fs/; and the ‘F;/; excited states is possible to build two reliable
Boltzmann thermometers in the same material working in the cryogenic temperature range (100-220 K) and at

high temperatures (300-800 K), respectively.
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1. Introduction

In the last decade, the use of luminescent materials as
ratiometric thermometers based on the ratio between the
emissions from two excited states has been extensively
investigated. Despite the wide variety of thermometers
proposed, the use of the luminescent signals originated
from two thermally coupled excited states of the same
luminescent center, the so-called Boltzmann thermome-
ters, is still recognized among the most reliable systems.
In this view, the most popular thermometers are based on
EI'3+,5) Nd3+,6)_10) Tm3+ 11),12) but also Cr3+ 13)-15) ions.

Since the electronic structure of Nd** allows to work in
the biological windows by both the excitation and emis-
sion, Nd**-activated phosphors are commonly investigated
as optical thermometers for biological applications.!¢!)
Even though the energy gap of about 900-1000cm™!
between the “Fs /2 and 4F5 /2 energy levels seems to be quite
promising, the large difference in the intensity between the
transitions starting from these two excited states results in
a large uncertainty at room temperature. On the other hand,
when the two Stark levels of the *F /2 state (Zy and Z,) are
employed to build a thermometric parameter, the energy
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gaps between the excited states are typically of few tens to
about a hundred cm™!, leading, in the physiological tem-
perature range, to small values of sensitivity.

Luminescent thermometers find interesting applications
in many other technological fields such as catalysis,'329-21)
microfluidic?? and microelectronics,?® to name a few,
making the development of reliable optical thermometers
characterized by high sensitivities at both cryogenic and
high temperatures still a challenge.

By using Nd3*-doped Y3A1,Ga30,, garnet as prototype,
we investigate the potential of this family of materials as
Boltzmann thermometers. Even though the materials are
typically proposed for biological applications, herein we
demonstrate interesting performances in the cryogenic and
high temperature ranges.

2. Experimental procedure

YAGG:Nd** ceramic phosphor with the compositions
of Y;94NdgosAl,Ga3;0, was fabricated by a conven-
tional solid-state reaction method. Y,03; (99.99 %), Al,O3
(99.99 %), Gay0O3 (99.99 %) and Nd,O3 (99.99 %) were
used as raw materials. The starting powder was mixed by a
ball milling method (Premium Line P-7, Fritsch Co. Ltd.)
with anhydrous alcohol for several hours. The mixed
powder was dried at 80 °C for 36 h, compacted to form a
ceramic green body (¢p20 mm, 2 mm thickness) under uni-
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axial pressing of 50 MPa, and finally sintered at 1600 °C
for 10h in air.

X-ray powder diffraction (XRPD) measurements were
performed using a diffractometer (XRD6000, Shimadzu)
with Cu Ko radiation (1 = 1.54056 A). The diffuse reflec-
tance spectra were measured by a spectrophotometer
(UV3600, Shimadzu) equipped with an integrating sphere.
Barium sulfate is used as a standard for calibration. Photo-
luminescence excitation (PLE) spectra were measured by
an InGaAs photodiode (IGA-030-H, Electro-Optical Sys-
tem Inc.) coupled with a short-cut (990 nm) and a long-cut
(1300 nm) filter, a monochromator (SpectraPro-300i, Acton
Research Corporation) and a 100 W halogen lamp (MHAA-
100W, Moritex Corporation) as excitation source. Photo-
luminescence (PL) measurements were performed with the
use of a USB-powered LED mount (LEDMT1F, Thorlabs)
with a 590nm LED (full width half maximum = 16 nm),
equipped with a collimator, and collecting with a Si CCD
spectrometer (QE-65Pro, Ocean Optics) coupled with a
fiber. The temperature dependent PL spectra were collected
with a temperature-controlled stage (10 035 L, Linkam).
All of the spectra were calibrated by means of a standard
halogen lamp (DH-2000CAL, Ocean Optics) to obtain
spectra in the photon flux scale.

3. Results and discussion

Aluminium and gallium-based A3(Al,Ga)sO;, garnets
are among the most interesting families of host compounds
in the optical field,?* finding applications as phosphors (the
most famous YAG:Ce’*), persistent luminescent mate-
rials? and lasers (YAG:Nd?*29) characterized by high
quantum yields. Indeed, the structure allows to accommo-
date a wide variety of luminescent ions such as lanthanide
ions in the dodecahedral sites and transition metal ions in
both octahedral and tetrahedral sites [Fig. 1(a)].

As prototype to investigate the potential of Nd>*-doped
garnets as optical thermometers for different temperature
regimes, the garnet compound Y3Al,Ga;0;; (YAGG) was
selected. The XRPD pattern confirmed the stabilization of
the cubic la3d single phase [Fig. 1(b)] in which Nd** sub-
stitutes Y** in the dodecahedral site.

Figure 1(c) shows the Kubelka—Munk function calcu-
lated by the reflectance spectrum and the PL emission and
excitation spectra of YAGG:Nd** in the range matching
with the highly efficient commercial Si-detectors. In this
spectral range, the emission is mainly characterized by the
“F, 52— T /2 transition falling into the first biological win-
dow. In addition, the PLE spectrum is composed by a
series of absorption lines due to the f-f transitions of Nd**
ion allowing the excitation in the whole visible range, an
appealing feature from the application point of view.

To access the potential of the system as luminescent
thermometer, the temperature dependence of the PL spec-
tra was investigated in the 100—800K range [Fig. 2(a)].
By increasing the temperature, the emission at about 810
nm due to the *Fs;, — Iy, transition (s) clearly increases
with respect to the emission at about 880 nm due to the
“F3/2 — *ly), transition (I3) because of the relative popu-
lation of the higher lying “Fs,, excited states with respect
to 4F3/2 [scheme in Fig. 2(b)]. Indeed, the luminescence
intensity ratio of the two transitions used as thermometric
parameter should follows a Boltzmann law:

AEs3
LIRs3 = Is/I; = Bs; exp(— kT >
where AEs; is the energy gap between the *Fs;, and *F3)»
excited states, kg is the Boltzmann constant and Bs3 =
g5A45Ns5/g3A3N5 with g;, A; and N; the degeneracy of the
emitting level i, the spontaneous emitting rate and the
population of the excited state, respectively.

By plotting the logarithm of the intensity ratio between
the two excited states as a function of the inverse of the
temperature, In(/s/13) versus 7, it is possible to determine
(i) the energy gap AFEs; between the excited states and
(ii) the temperature range in which the Boltzmann law is
working. The AEs; of 879 cm™! estimated is in agreement
with the energy gap estimated from the baricenters of
the spectral bands (about 1000cm™'). In addition, the
Boltzmann plot shows a good linearity starting from about
300K with a clear deviation for lower temperatures.

Even though the energy difference between the *Fs )
and “F; /2 excited states looks particularly suitable for the
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Fig. 1. (a) Schematic structure of the garnet structure, (b) XRPD pattern and (c) Kubelka—Munk function, PL
and PLE spectra of YAGG:Nd** exciting at 590 nm and collecting at 1060 nm, respectively.
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(a) Temperature dependence of the PL spectra of YAGG:Nd>* in the 80-800 K temperature range under

excitation at 590 nm. The spectra are normalized to the *F3 2= 41 /2 emission. (b) Energy level diagram of the
Nd** ion in YAGG. Arrows highlight the transitions considered in this work (*F; 52— P /25 4Fs 52— 4 /2, and
Z;5 —> Rs). (¢) Plots of In(Z5/13) versus T~! to calibrate the thermometer using the *Fs,»-*F; » couple. The red line

represents the linear fit of the Boltzmann plot.

design of an optical thermometers with high performances
for biological applications, the emission from the higher
lying “Fs,; state is usually quite weak in the physiological
temperature range resulting in unsuitable thermal resolu-
tions. However, the thermal stability of the emission at
high temperatures makes the system particularly interest-
ing for high temperature sensing where the emissions from
the higher lying “Fs /2 state are relevant.

On the other hand, with the aim of developing ther-
mometers for biological applications, a lot of interest was
devoted to the use of the two Stark levels (Z; and Z;) of
the “F; ,2 state. However, the narrow energy gap between
these two levels can be exploited not only in the phys-
iological temperature range but also at low temperature
for cryothermometry. Indeed, the small energy gap value
between the two states is particularly suitable to allow
thermal populations also at low temperatures. The temper-
ature dependent PL emission spectra collected in the 100—
400K range [Fig. 3(a)] show the relative increase of the
emission from the higher lying Z, state with respect to Z,
by increasing the temperature. In addition, the deconvo-
lution of the spectrum [Fig. 3(b)] allows to estimate an
energy gap between the excited states AE), of 50cm™.

By considering the ratio between the two transitions
from Z; (I}) and Z, (1) as a thermometric parameter:

AElz)
LIR\, = IL/1; = By exp| —
n2=D5L/5I 21 P( ksT

the Boltzmann plot in Fig. 3(c) evidences a clear deviation
from the expected linearity.

The plot can be divided into two different regions and fit
by two different linear curves in the temperature ranges of
100220 and 220-400K. The fit of the low temperature
range allows to estimate an energy gap of 45 cm™!, in very
good agreement with the spectral estimation in Fig. 3(b),
resulting particularly reliable as Boltzmann thermometer.
Instead, the deviation from the linear trend characterized
by the expected AEj, at temperatures higher than 220K

(characterized by an energy gap of 105cm™') is not com-
pletely understood at the present and could be related to
the involvement of phonons.

To discuss the thermometric performances of the ther-
mometers, we considered the figure of merit described by
the relative sensitivity S; and the thermal resolution 87,
defined as:

_ 1 OLIR
"7 LIR 3T
1 SLIR

0T = — —
S, LIR

where SLIR is the uncertainty in the determination of
LIR.

The plot of the S; values of the two thermometric param-
eters calculated in the different ranges of linearity of the
Boltzmann low [Fig. 4(a)] shows interesting values in
both the cryogenic and high temperature ranges. On the
other hand, the thermal resolution values in the cryogenic
range by considering the Z;-Z, couple are smaller than
1K in the whole temperature range of linearity of the
Boltzmann plot and the values of the thermometer based
on the *F; /2-4F3 /2 couple evidence an interesting situation
in which values around 2K can be achieved at high tem-
peratures up to 800K [Fig. 4(b)]. Such appealing values
are due to the strong intensity of Nd** in the garnet struc-
ture giving high signal-to-noise values.

By considering the high reliability of the Boltzmann
thermometers, the relative sensitivity of 0.45% K~! ob-
tained at 100K is quite promising, being comparable with
the value reported for state-of-the-art cryogenic Boltzmann
thermometers such as in the case of CaHfO;:Cr3* (0.3
%K~ at 100K'Y).

In addition, it is worth noting that from the application
point of view, YAGG:Nd** is also characterized by an
intrinsic high quantum yield and thermal stability already
exploited for lasing applications, making the system par-
ticularly promising.
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Fig. 3. (a) Temperature dependence of the PL spectra of
YAGG:Nd** in the 100400 K temperature range under excita-
tion at 590 nm. The spectra are normalized to the Z; emission.
(b) PL integrated area of the emission bands of Z; , — Rs transi-
tions as a function of temperature. (c) Spectral deconvolution of
the PL spectrum. (d) Plots of In(l,/I}) versus T~ to calibrate the
thermometer using the Z,-Z; couple. The blue line and red line
represent the linear fits.

4. Conclusions

In summary, the potential of YAGG:Nd** system as
luminescent thermal sensor is investigated in the 100—
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Fig. 4. Temperature dependence of the relative sensitivity (a)

and thermal resolution (b) for the thermometers build by consid-

ering the ratio between the emissions of the *Fs /2—4F3 /2 couple

and the Z,-Z, couples.

800K temperature range. The possibility to design two
reliable thermometric parameters based on the Boltzmann
law in the same material is demonstrated. Furthermore, (i)
the high temperature stability makes this system suitable
for high temperature sensing by considering the thermal
equilibrium between “F3 2 and 4F5 /2 excited states up to
800K while (ii) for low temperatures from 100 to 220K,
the thermometer based on the Z-Z, couple is demonstrat-
ed to be a suitable and reliable cryogenic thermometer with
thermal resolution lower than 1 K in the whole temperature
range.
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