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Crystal growth and temperature dependence of
luminescence characteristics of Pr3+ and Tb3+

doped solid-solution sesquioxide single crystals
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Rikito Murakami,b Takashi Hanada, b Akihiro Yamaji,bc Hiroki Sato,bc Yuji Ohashi,bc

Shunsuke Kurosawa,bcd Kei Kamadabc and Akira Yoshikawabc

In recent decades, optical thermometry has gained significant attention due to its promising properties, such

as non-contact measurement, temperature mapping and immunity to electromagnetic interference. It

overcomes the limitations of conventional temperature measurement methods and offers additional

benefits. However, the widespread adoption of optical thermometry requires an expanded operating

temperature range and improved sensitivity. Therefore, in this study, we focused on solid-solution

sesquioxides, which are expected not only to enable the growth of single crystals with a cubic structure but

also to allow for a wider selection of luminescence centers. We evaluated the applicability of (Lu, Y, Sc)2O3

single crystals doped with Pr3+ and Tb3+, which exhibit different temperature dependent behaviors, for

optical thermometry. The optical temperature sensing properties evaluated using the fluorescence lifetime

method revealed a maximal relative sensitivity of 1.53% K�1 in the temperature range of 78–790 K for Pr3+,

Tb3+:(Lu, Y, Sc)2O3. These results suggest that (Lu, Y, Sc)2O3 co-doped with Pr3+ and Tb3+ is a promising

candidate for optical thermometry.

1. Introduction

Sesquioxides such as Sc2O3, Lu2O3 and La2O3 have drawn con-
siderable attention due to their promising properties, high ther-
mal and chemical stability, high thermal conductivity, relatively
wide band gap, high density, wide range of optical transparency
and low phonon energy.1–3 Therefore, sesquioxides are attractive
optical host materials for applications such as substrates, lasers,
scintillators and optical thermometry. These optical materials
require single crystals with low scattering and absorption inside
the crystal; however, sesquioxides have a high melting point
(above 2400 1C) and undergo phase transitions, making it difficult
to obtain high quality and large size single crystals. For crystal
growth above the melting point of 2400 1C, the iridium crucible
(softening point temperature: 2200 1C), which is generally used for
crystal growth from the melts, cannot be used. Other candidates
for crucible materials are rhenium (softening point temperature:

2800 1C) and tungsten (softening point temperature: 3000 1C);
however, rhenium is extremely expensive and tungsten is reactive
with raw materials. Recently, crystal growth using a tungsten
crucible has been investigated, and it has been reported that
La2Hf2O7 (melting point: B2418 1C) single crystals were success-
fully grown.4 Concerning the structural phase transitions, most
sesquioxides undergo polymorphic transitions and have five
phases as a function of temperature and ionic radius.5 Crystals
that undergo a phase transition upon cooling have low structural
quality due to severe cracking caused by lattice expansion and
contraction.6 Here, the structural phase transition of sesquioxides
as a function of temperature and ionic radius was reported,
according to which it might be possible to grow sesquioxides in
the cubic phase by adjusting the average ionic radius of rare-earth
ions below the Lu3+ ionic radius.5,6 Furthermore, expanding the
choice of luminescence centers by mixing multiple sesquioxides
will be considered for optical thermometry applications.

In recent years, interest in optical thermometry has grown
rapidly due to its wide range of possibilities.7,8 Optical thermo-
metry enables accurate, fast and non-invasive measurement in
scientific research, industry, production and biomedicine. It
has the potential to be used in harsh environments exposed to
high temperature, high pressure and strong electromagnetic
radiation, e.g., high-voltage power plants, volcanic fire detec-
tion, oil refineries and corrosive circumstances unlike any of
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the conventional thermometry.9 Focusing on the utilization
of sesquioxides as host materials, investigations of optical
thermometers doped with Yb3+/Er3+, Ho3+/Yb3+ as lumines-
cence centers have been reported.10,11 This study focused on
Pr3+ and Tb3+ as luminescence centers with different character-
istics: Pr3+ has a red emission wavelength, whereas Tb3+ has a
green emission wavelength. Moreover, Pr3+ is characterized by
its resistance to thermal quenching, while Tb3+ has a tempera-
ture dependence at high temperatures.12 In this study, we
adjust the average ionic radius using solid solutions of several
rare-earth ions to grow novel sesquioxide solid solution single
crystals and characterize their optical thermometry.

2. Materials and methods

(PrxTbyLu0.250Y0.250–x–ySc0.500)2O3 (Pr3+, Tb3+:(Lu, Y, Sc)2O3, (x, y) =
(0.005, 0.000), (0.000, 0.005), and (0.005, 0.005)) crystals were
grown by the micro-pulling-down (m-PD) method.13 The starting
raw materials, Y2O3 (99.999%), Lu2O3 (99.995%), Sc2O3 (99.9%),
Pr2O3 (99.9%) and Tb4O7 (99.99%) powders were mixed and
filled into a W crucible with f4 mm die with f0.8 mm capillary.
The crystals were grown using an m-PD furnace with a radio-
frequency induction heating system and a vacuum-tight chamber
under the following growth conditions: a pulling down rate of
0.05 mm min�1, deoxygenated ZrO2 insulators, W rod as the seed,
and Ar + 2% H2 gas flow. The liquid–solid interface was observed
using a charge-coupled device camera during the crystal growth.
After crystal growth, the crystals were annealed at 1200 1C for
12 hours under an air atmosphere to suppress oxygen defects. A
1 mm thick plate was cut from the grown crystal and mirror
polished for optical characterization.

The crystalline system and space group of the grown crystals
were identified by the powder X-ray diffraction (XRD) analysis
with the Cu-Ka (l = 0.15418 nm) target (D8 DISCOVER, Bruker).
All samples were measured in the 2y range of 101 to 801 with a
step range of 0.011 to 0.021. The chemical composition was
determined by electron probe microanalysis (EPMA, S-3400N,
Hitachi). Transmittance spectra were measured using a UV/vis
spectrophotometer (V-550, JASCO) in the wavelength range of

190–800 nm. The photoluminescence (PL) emission and excita-
tion spectra were measured using a spectrometer (FLS 1000,
Edinburgh Instruments) with a Xe lamp. The temperature
dependence of PL spectra and PL decay time was determined
using the spectrometer combined with a cryostat (VPF-100-H,
Lake Shore Cryotronics) and using a microsecond flashlamp
(mF2, Edinburgh Instruments). During the measurement, the
temperature stabilization time was set to 600 s and temperature
tolerance to �1 K. The temperature dependence evaluation was
performed in the temperature range of 78–790 K.

3. Results and discussion
3.1 Structural properties

Transparent crystals were obtained in all compositions by the
m-PD method (see Fig. 1). After air annealing at 1200 1C, the
color of all samples changed from black to orange. Such change
from black to transparent is attributed to oxygen defects, which
have been observed in the growth of single crystals using a W
crucible.4,14 It seems to be caused by the result from oxygen
defects caused by growing under a reducing atmosphere. Mean-
while, the color change to orange is supposed to be due to the
tetravalent ions in the luminescence center (see Section 3.2). To
confirm the crystalline system and space group, powder XRD
was performed (Fig. 2). All diffraction peaks were consistent
with the reference (CCDC 1992594,15 Nd3+:YScO3

16), and the
crystalline system and space group were identified to be cubic
and Ia%3, respectively. These crystal structures belong to the
bixbyite-type cubic structure and have two symmetrically dif-
ferent cation sites.16 Table 1 shows the EPMA results of the
grown samples. The actual composition of the host materials
Lu2O3, Y2O3, and Sc2O3 approximately matches the nominal
composition; on the other hand, the actual composition of the
luminescence center is lower than the nominal composition.
Pr3+ and Tb3+ used as luminescence centers are considered to
be substituted into the Y3+ site with the closest ionic radius.
However, these ionic radii of six coordination are Pr3+

(0.1013 nm), Tb3+ (0.0923 nm), and Y3+ sites (0.0892 nm),17

and these differences in the ionic radii of Y3+ and the

Fig. 1 Photographs of the grown (a) Pr3+:(Lu, Y, Sc)2O3, (b) Tb3+:(Lu, Y, Sc)2O3 and (c) Pr3+, Tb3+:(Lu, Y, Sc)2O3 crystals (left panel: before annealing, right
panel: after annealing).
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luminescence centers caused the difference between the nom-
inal and actual compositions.

3.2 Optical properties

Fig. 3 shows the transmittance spectra in the wavelength range
of 200–800 nm. All samples showed high transparency of
around 80% in the wavelength region where there is no
absorption. In the Pr3+-doped and Pr3+, Tb3+ co-doped samples,
sharp absorption peaks originating from the Pr3+ 4f–4f transi-
tion were observed in the wavelength region of 450–600 nm.
Additionally, the broad absorption peak due to interconfigura-
tional 4f–5d transitions of Pr3+ or Tb3+ was observed in the
wavelength range of below 400 nm. The broad band of absorp-
tion spectra at around 400–600 nm was attributed to the charge

transfer (CT) between O2� and Tb4+, as well as between O2� and
Pr4+.18,19 It has been reported that annealing at high tempera-
tures induces CT states, resulting in the orange coloration of
the sample. The orange coloration observed in this study is
consistent with this phenomenon. Based on the transmittance
measurement results, PL excitation and emission spectra were
subsequently measured. Fig. 4(a) presents the PL excitation and
emission spectra of the Pr3+:(Lu, Y, Sc)2O3 sample. In the
excitation spectrum, the broad excitation peak attributed to
the Pr3+ 4f–5d transition and the sharp excitation peaks attrib-
uted to Pr3+ 3H4–3P0,1,2 transitions were observed at around
240–380 nm and 430–530 nm, respectively. In the emission
spectrum excited by the Pr3+ 4f–5d transition (302 nm), some
sharp peaks from 590 to 780 nm relative to Pr3+ 1D2–3H4 and
1D2–3H5 transitions were observed. The emission from the Pr3+

5d–4f transition was not observed due to the narrow bandgap of
sesquioxide. Other than the emission from the Pr3+ 5d–4f
transition, the emission from the Pr3+ 3Pj level was also not
observed. The Pr3+ 4f15d1 level is localized within the conduc-
tion band, resulting in the formation of the self-trapped
exciton-like state, [Pr4+ + eCB], where eCB is an electron in the
conduction band. As a result, the emission from 3Pj[=0,1,2] is
quenched as the excited electrons bypass the 3Pj level by the
exciton-like state and preferentially cause a non-radiative tran-
sition to the 1D2.20 The excitation and emission spectra of
Tb3+:(Lu, Y, Sc)2O3 are depicted in Fig. 4(b). In the excitation
spectrum, at the emission peak wavelength of 544 nm, only the
broad excitation peak attributed to the Tb3+ 4f–5d transition
was observed at around 240–375 nm because the intensities of
Tb3+ 4f–4f transitions were quite low. In the emission spectrum
excited at 311 nm (Tb3+ 4f–5d transition), several sharp peaks
were observed from 460 nm to 710 nm, which were ascribed to
the Tb3+ 4f–4f transitions (5D4–7F6 (470–525 nm), 5D4–7F5 (530–
575 nm), 5D4–7F4 (575–610 nm), and 5D4–7F3 (610–645 nm)).
Fig. 4(c) displays the excitation and emission spectra of Pr3+,
Tb3+:(Lu, Y, Sc)2O3. The excitation spectra were measured for
two different emissions: the Pr3+ 1D2–3H4 transition (636 nm)

Fig. 2 XRD patterns of the Pr3+, Tb3+:(Lu, Y, Sc)2O3 specimens.

Table 1 Result of composition analysis by the EPMA [at%]. (C0: nominal
concentration, C: actual concentration)

Pr3+:(Lu, Y, Sc)2O3 Pr3+, Tb3+:(Lu, Y, Sc)2O3 Tb3+:(Lu, Y, Sc)2O3

Lu C0 25.00 25.00 25.00
C 24.83 26.10 23.93
C/
C0

0.99 1.04 0.96

Y C0 24.50 24.00 24.5
C 24.34 22.75 25.54
C/
C0

0.99 0.95 1.04

Sc C0 50.00 50.01 50.00
C 50.53 50.60 49.98
C/
C0

1.01 1.01 1.00

Pr C0 0.50 0.50 —
C 0.29 0.19 —
C/
C0

0.58 0.34 —

Tb C0 — 0.49 0.50
C — 0.37 0.55
C/
C0

— 0.75 1.10

Fig. 3 Transmittance spectra of Pr3+ and/or Tb3+:(Lu, Y, Sc)2O3.
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and the Tb3+ 5D4–7F5 transition (544 nm). Both excitation peaks
were observed at approximately the same wavelength (300 nm).
In the emission spectrum excited at 298.5 nm, sharp peaks
attributed to the Tb3+ and Pr3+ 4f–4f transitions were observed
between 470 and 765 nm. For a better understanding of the Pr3+

and Tb3+ luminescence, the emission spectra for the enlarged
wavelength range from 400 to 800 nm are shown in Fig. 4(d).
From Fig. 4(d), the sharp emission peaks at 470 to 605 nm are
considered to be the emission from the Tb3+ 5D4–7Fj transi-
tions. In contrast, there are several sharp emission peaks at

Fig. 4 PL excitation and emission spectra of (a) Pr3+:(Lu, Y, Sc)2O3, (b) Tb3+:(Lu, Y, Sc)2O3, (c) Pr3+, Tb3+:(Lu, Y, Sc)2O3 and (d) emission of all samples
overlapping at 400 to 800 nm.

Fig. 5 (a) PL excitation and emission spectra and (b) PL decay curves of Pr3+:(Lu, Y, Sc)2O3.
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wavelengths from 605 to 765 nm associated with the transitions
from the Tb3+ 5D4 level and Pr3+ 1D2 level. As mentioned above,
(Lu, Y, Sc)2O3 has two crystallographically unique rare earth
(RE) sites, the C2 symmetry site (Wyckoff-24d) and the C3i

symmetry site (Wyckoff-8b).21 In order to evaluate the lumines-
cence from each RE site, the emission spectra were evaluated
using different excitation wavelengths. Fig. 5(a) shows the PL
excitation spectra at emission wavelengths of 612.5 and 635 nm
(dashed lines) and the PL emission spectra at the excitation
wavelength of 297 and 319 nm (solid lines) for Pr3+:(Lu, Y,
Sc)2O3. The excitation spectrum at lem = 612.5 nm shows
double broad peaks at 285 nm and 320 nm, whereas at lem =
635 nm, it shows a single broad peak at 296 nm. It was caused
by the luminescence from the Pr3+ occupying different RE sites.
To gain a more detailed understanding of luminescence from
different RE sites, the PL decay time was evaluated. The PL
decay curve measured at lex = 297 nm and lem = 635 nm (D1) or
lex = 319 nm and lem = 612.5 nm (D2) are shown in Fig. 5(b).
The decay curves were fitted by the exponential function and
the decay times were calculated (Table 2). Both decay curves
exhibit decay time components of approximately 40–50 ms and
140–150 ms, with only D2 showing an additional slower compo-
nent of 466 ms. The emission peak wavelengths at 635 nm and
612.5 nm corresponded to the Pr3+ 1D2–3H4 transitions, which
are the electric dipole transitions. Here, it has been reported
that electric dipole transitions are suppressed at the C3i site
with the inversion symmetry in the bixbyite-type structure,
resulting in low transition probabilities and long decay
times.22 Therefore, a comparison of the PL decay times revealed
that the double broad excitation peaks around 319 nm and the
broad excitation peak at 297 nm are due to the Pr3+ 4f–5d
transition occupying the C3i symmetry site and the C2 symmetry
site, respectively.22 The fact that the decay curve contains more
than two components might be explained by the difference in
the adjacent coordination spheres of Pr3+, as also suggested in
ref. 16. Furthermore, the decay time at an excitation wavelength
of 297 nm (Pr3+ 4f–5d transition) was slower than that at the
excitation wavelength of 494 nm (Pr3+ 4f–4f transition). This
seems to be caused by the complex energy transition processes
of the electrons excited in the Pr3+ 5d level, as mentioned
earlier. The excitation and emission spectra of Tb3+:(Lu, Y,
Sc)2O3 at different excitation and emission peak wavelengths
are depicted in Fig. 6(a). The PL decay curves measured at the

same excitation and emission wavelength pairs as the PL
spectra are shown in Fig. 6(b). The excitation spectra showed
that the excitation peak wavelength changes depending on the
emission wavelength. The PL decay times were evaluated from
the decay curves in Fig. 6(b). It was found that both decay
curves have two decay components of approx. 1000 ms and
4000 ms (Table 2). Focusing on the ratio of the two components,
the decay curve with (lex, lem) = (288 nm, 542.5 nm) has a
higher ratio of the fast component (88.5%), while (lex, lem) =
(311 nm, 544 nm) has a higher ratio of the slow component
(76.0%). Considering the difference in the symmetry of the RE
sites as in Pr3+:(Lu, Y, Sc)2O3, we conclude that the emission
peak at 542.5 nm and 544 nm are dominated by luminescence
from Tb3+ in the C2 and the C3i sites, respectively.23 The two
components originating from the two RE sites were obtained in
both decay curves, which might be due to the overlap of the
excitation and emission wavelengths. Since the Pr3+, Tb3+ co-
doped sample showed a complex overlap of Pr3+ and Tb3+

luminescence, we focused on the Tb3+ luminescence for the
effect of the different RE sites occupied by the luminescence
centers. According to Fig. 7(a), similar changes were observed
for the Pr3+, Tb3+ co-doped sample as in Tb3+:(Lu, Y, Sc)2O3. The
decay curves also exhibit two components (Table 2), consistent
with the Tb3+:(Lu, Y, Sc)2O3, see Fig. 7(b). In addition, the decay
curves and decay times of Pr3+, Tb3+:(Lu, Y, Sc)2O3 associated
with the Pr3+ 1D2–3H4 transition, measured at lex = 297 nm and
lem = 651 nm, are shown in Fig. 7(b) and Table 2, respectively. A
slow component of about 1 ms, which was not observed for the
same transition in Pr3+:(Lu, Y, Sc)2O3, was obtained in the Pr3+,
Tb3+ co-doped sample. This is attributed to energy transfer
from Tb3+ 5D4 to Pr3+ 3P0.24,25

3.3 Temperature characterization

The potential for application as an optical thermometer was
assessed using the fluorescence intensity ratio (FIR) method
and the fluorescence lifetime (FL) method based on the tem-
perature dependence of the PL decay time. Initially, the FIR
method was used for the evaluation. As shown in Fig. 4, the
Pr3+:(Lu, Y, Sc)2O3 and Tb3+:(Lu, Y, Sc)2O3 exhibited lumines-
cence from the Pr3+ 1D2 excited level and Tb3+ 5D4 excited level,
respectively. Thus, only the Pr3+, Tb3+ co-doped sample was
investigated by the FIR method. Fig. 8(a) illustrates the tem-
perature dependence of the PL emission spectra for the co-

Table 2 PL decay time under various excitation and emission wavelengths

Excitation [nm] Emission [nm]

PL decay time (ratio [%]) [ms]

t1 t2 t3 ave.

Pr3+:(Lu, Y, Sc)2O3 297 635 52.8 (70.0) 140.5 (30.0) 79.1
319 612.5 40.1 (17.6) 151.8 (31.9) 466.7 (50.5) 291.0
494 635 31.4 (46.1) 74.4 (53.9) 54.6

Tb3+:(Lu, Y, Sc)2O3 311 544 1180 (24.0) 4423 (76.0) 3644
288 542.5 1050 (88.5) 3834 (11.5) 1371

Pr3+, Tb3+:(Lu, Y, Sc)2O3 298.5 544 932.3 (41.4) 4142.4 (58.6) 2814.9
281 542.5 912.3 (91.8) 2619.4 (8.2) 1052.8
297 651 23.6 (28.6) 75.6 (51.9) 1137 (19.5) 267.6
494 651 30.3 (52.6) 69.3 (47.4) 48.7
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doped sample excited at 298.5 nm, measured over the tempera-
ture range of 78 to 790 K. The emission peaks originating from
the Tb3+ 5D4–7F5 (527–574 nm) transition significantly
decreased with increasing temperature beyond 360 K. On the
other hand, the emission peaks attributed to the Pr3+ 1D2–3H4

transition (645–660 nm) gradually decreased with increasing
temperature beyond 450 K. Using the integral areas of these two
emissions, the FIR was calculated using eqn (1):26,27

FIR ¼
Ð 660
645IPr3þÐ 574
527ITb3þ

� A exp �T
B

� �
þ C (1)

where A, B and C represent constants and T represents absolute
temperature [K]. The FIR fitting parameters and fitting curve
are depicted in Fig. 8(b), where FIR (IPr3+/ITb3+) values mono-
tonously increased with increasing temperature in the tempera-
ture range of 450–660 K. The absolute sensitivity (Sa) and the
relative sensitivity (Sr) are important factors to evaluate the
optical temperature sensing properties. The Sa and Sr were

described using the following equations, respectively:26

Sa ¼
dFIR

dT

����
���� ¼ A

B
exp �T

B

� �
(2)

Sr ¼
1

FIR

dFIR

dT

����
���� ¼ 1

Bþ BC

A
exp

T

B

� � (3)

The maximal Sr value of Pr3+, Tb3+:(Lu, Y, Sc)2O3 was 0.72% K�1 at
660 K in the temperature range of 450–660 K (Fig. 8(c)). Some
reported optical thermometry materials and their associated para-
meters are listed in Table 3. A comparison with the data in Table 3
indicates that the Sr values of the Pr3+, Tb3+:(Lu, Y, Sc)2O3 are
relatively higher than those of other optical thermometry materials.

Subsequently, the FL method was used for evaluation. The
temperature dependence of the PL decay times for Pr3+:(Lu, Y,
Sc)2O3 (lex = 297 nm and lem = 635 nm), Tb3+:(Lu, Y, Sc)2O3 (lex =
311 nm and lem = 544 nm) and Pr3+, Tb3+:(Lu, Y, Sc)2O3 (lex =
311 nm and lem = 544 nm, lex = 297 nm and lem = 651 nm) from
78 K to 790 K is shown in Fig. 9(a), 10(a), 11(a) and 12(a). The
average decay times were calculated using the following equation

Fig. 6 (a) PL excitation and emission spectra and (b) PL decay curves of Tb3+:(Lu, Y, Sc)2O3.

Fig. 7 (a) PL excitation and emission spectra and (b) PL decay curves of Pr3+, Tb3+:(Lu, Y, Sc)2O3.
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and are displayed in Fig. 9(b), 10(b), 11(b) and 12(b):35

tav ¼
B1t12 þ B2t22
� �
B1t1 þ B2t2ð Þ (4)

where B1 and B2 are constants and t1 and t2 are decay times. In

Pr3+:(Lu, Y, Sc)2O3, the PL decay time was accelerated due to the
thermal quenching from around 700 K, however, it was not fully
quenched even at 790 K. Therefore, Pr3+:(Lu, Y, Sc)2O3 is expected to
have applications at even higher temperatures. For Tb3+:(Lu, Y,
Sc)2O3 and Pr3+, Tb3+:(Lu, Y, Sc)2O3, a similar acceleration of the PL

Fig. 8 (a) Temperature dependence of the PL spectra (lex = 298.5 nm) in the temperature range of 78–790 K, (b) the FIR versus temperature and fitted
curve and (c) the absolute and relative sensitivity as a function of temperature at 450–660 K of Pr3+, Tb3+:(Lu, Y, Sc)2O3.

Table 3 Optical temperature sensing properties of Pr3+ and/or Tb3+:(Lu, Y, Sc)2O3 samples and conventional materials

Host material Luminescence center Transitions MAX Sr [% K�1] DT [K] Method Ref.

La2O3 Tm3+, Yb3+ 1G4–3H6 0.16 298–333 FL 28
Y2O3 Yb3+, Er3+ 2H11/2–4F2/9 0.50 298–338 FL 10
Y2O3 Er3+ 2H11/2–4I15/2 1.1 RT–1473 FL 29
Gd2ZnTiO6 Pr3+ 1D2–3H4 1.48 433–593 FL 30
Y2O3 Tm3+, Yb3+ 1G4(a)–

3H6 0.35 303–753 FIR 31
1G4(b)–

3H6

NaYF4 Yb3+, Er3+ Er3+ 520, 540 nm 0.46 283–338 FIR 32
LaB3O6 Bi3+, Eu3+ Bi3+ 395–405 nm 0.579 298–548 FIR 33

Eu3+ 695–705 nm
YNbO4 Pr3+, Tb3+ 5D4–7F5 1.01 298–538 FIR 34

1D2–3H4

Y2O3 Ho3+, Yb3+ 5F4/5S2–5I8 1.03 298–473 FIR 11
5F5–5I8

(Lu, Y, Sc)2O3 Tb3+ 5D4–7F5 1.71 380–790 FL This work
Pr3+, Tb3+ 5D4–7F5 1.53 390–790 FL

1D2–3H4 1.53 78–790 FL
5D4–7F5 0.72 450–660 FIR
1D2–3H4
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decay time due to the thermal quenching was observed from around
500 K. The relationship between the temperature and decay time is
expressed by the following equation:36–38

t ¼ t0

1þD exp
�DE
kBT

� � (5)

where D, t, t0, DE and kB represent the pre-exponential constant,
decay time, decay time at 0 K, the activation energy for the thermal
quenching and the Boltzmann constant, respectively. The fitting
parameters and fitting curve are indicated in Fig. 10(b), Fig. 11(b)
and Fig. 12(b). Tb3+:(Lu, Y, Sc)2O3, Pr3+, Tb3+:(Lu, Y, Sc)2O3

(lex = 311 nm and lem = 544 nm) and Pr3+, Tb3+:(Lu, Y, Sc)2O3

Fig. 9 Temperature dependence of (a) PL decay curves in the temperature range of 78–790 K (lex = 297 nm and lem = 635 nm) and (b) average decay
times of Pr3+:(Lu, Y, Sc)2O3.

Fig. 10 (a) Temperature dependence of PL decay curves in the temperature range of 78–790 K (lex = 311 nm and lem = 544 nm), (b) average decay times
and (c) the absolute and relative sensitivity as a function of temperature at 380–790 K of Tb3+:(Lu, Y, Sc)2O3.
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(lex = 297 nm and lem = 651 nm) were well fitted in the temperature
range of 380–790 K, 390–790 K and 78–790 K, respectively. Notably,
here is the thermal quenching process of Pr3+, Tb3+ co-doped (Lu, Y,
Sc)2O3, focusing on the Pr3+ 1D2–3H4 transition. In the Pr3+:(Lu, Y,
Sc)2O3, thermal quenching did not occur completely even at 790 K.
In contrast, in the Pr3+, Tb3+ co-doped (Lu, Y, Sc)2O3, thermal
quenching was observed starting from around 500 K. This tempera-
ture is consistent with the onset of thermal quenching for the Tb3+

5D4–7F5 transition in Tb3+:(Lu, Y, Sc)2O3. Here, focusing on the
thermal quenching mechanism, thermal quenching can occur not
only through the thermal ionization of electrons excited to the
excitation level of the luminescence center into the conduction band
but also via nonradiative relaxation through an intermediate level
(e.g. intervalence charge transfer (IVCT),34,39,40 Ce4+ + eCB

41). In the
thermal quenching process of IVCT, which is formed by electron
transfer from Pr3+ and Tb3+ to metal ions with d0 configurations,
electrons in the excited states relax to the ground state through the
IVCT state.34,42 Regarding the thermal quenching of Ce3+, it can
occur that excited electrons relax to the ground state via the Ce4+ +
eCB state.41 Thus, in this study, considering that self-trapped exciton-
like states are formed when 5d levels of Pr3+ and Tb3+ are located
within the conduction band, thermal quenching through these self-
trapped exciton-like levels might have occurred, leading to the
difference in the quenching temperature between Pr3+:(Lu, Y,

Sc)2O3 and Tb3+:(Lu, Y, Sc)2O3. Moreover, in the Pr3+, Tb3+ co-
doped (Lu, Y, Sc)2O3, the slow decay component associated with
energy transfer from Tb3+ 5D4 to Pr3+ 3P0, as described in Section 3.2,
may have contributed to thermal quenching when focusing on the
luminescence of the Pr3+ 1D2–3H4 transition. Based on the fitted
results, we calculated Sa and Sr using the following equations,
respectively:36,37

Sa ¼
@t
@T

����
���� ¼ t0

A exp �DE=kBTð Þ
1þ A exp �DE=kBTð Þ½ �2

� DE
kBT2

(6)

Sr ¼
1

t
@t
@T

����
����� 100%

¼ A exp �DE=kBTð Þ
1þ A exp �DE=kBTð Þ �

DE
kBT2

� 100% (7)

For the Tb3+:(Lu, Y, Sc)2O3, Pr3+, Tb3+:(Lu, Y, Sc)2O3 (lex = 311 nm
and lem = 544 nm) and Pr3+, Tb3+:(Lu, Y, Sc)2O3 (lex = 297 nm
and lem = 651 nm), the maximal Sr reached 1.71% K�1 at 610 K,
1.53% K�1 at 630 K and 1.53% K�1 at 630 K, respectively (Fig. 10(c),
Fig. 11(c) and Fig. 12(c)). It is worth noting that the high Sr values of
40.5% K�1 are achieved at temperatures of 490–790 K for Tb3+:
(Lu, Y, Sc)2O3 and 500–790 K for both Pr3+, Tb3+:(Lu, Y, Sc)2O3. The
optical temperature sensing properties of the Pr3+ and/or Tb3+:(Lu,
Y, Sc)2O3 and the conventional materials are summarized in Table 3.

Fig. 11 (a) Temperature dependence of PL decay curves in the temperature range of 78–790 K (lex = 311 nm and lem = 544 nm), (b) average decay times
and (c) the absolute and relative sensitivity as a function of temperature at 390–790 K of Pr3+, Tb3+:(Lu, Y, Sc)2O3.
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The Pr3+ and/or Tb3+:(Lu, Y, Sc)2O3 were found to be promising
materials for optical thermometer applications due to their relatively
high Sr values over a wide temperature range.

4. Conclusions

We focused on (Lu, Y, Sc)2O3 solid-solution sesquioxides in
order to grow single crystals without phase transition. (PrxTby-

Lu0.250Y0.250–x–ySc0.500)2O3 single crystals have been grown using
the micro-pulling-down method with a W crucible. From the
powder XRD results, the crystalline system and space group
were identified to be cubic and Ia%3, respectively. Moreover,
(Lu, Y, Sc)2O3 has two symmetrically different RE sites (C2

symmetry and C3i symmetry), and the PL excitation and emis-
sion spectra showed luminescence originating from the lumi-
nescence centers (Pr3+ or Tb3+) occupying each RE site. From
the results of the optical temperature sensing properties by the
FIR method, the maximal Sr of 0.72% K�1 was observed at 660 K
for Pr3+, Tb3+:(Lu, Y, Sc)2O3. In addition, evaluation by the FL
method revealed the maximal Sr value of 1.71% K�1 at 610 K for
Tb3+:(Lu, Y, Sc)2O3 and 1.53% K�1 at 630 K for the Pr3+,
Tb3+:(Lu, Y, Sc)2O3. In particular, when focusing on the Pr3+

transition, the Pr3+, Tb3+:(Lu, Y, Sc)2O3 exhibited a significantly
broadened temperature range from 78 K to 790 K based on the

energy transfer from Tb3+ to Pr3+. It was found that Pr3+ and/or
Tb3+ doped (Lu, Y, Sc)2O3 exhibit great optical thermometry
performance and relatively high relative sensitivity.
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