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Abstract: Self-referencing optical thermometers have shown competitive advantages on fast response and high ac-
curacy as they can avoid inevitable external factors like concentration change, excitation fluctuation, and detector
loss. Herein, we report the triple-emitting photoluminescence of Eu/Th/SnO, nanocrystals co-doped silica glasses.
The temperature-dependent fluorescence intensity ratio of non-thermal coupled levels of Eu™* (°Dy-'F, transition, 620
nm)/Eu’ (4£°5d-S,,, transition, 434 nm) and Eu’ (°Dy-"F, transition, 620 nm)/Th** (°D,-"F; transition, 542 nm) can
be used for self-referencing temperature probing in a wide range of 298-773 K. The maximum relative thermal sensi-
tivity S, values can reach 2.3%-K™ at 773 K, which is higher than most Eu/Tb co-doped materials. This work will
contribute a new Eu/Thb co-doped material to self-referencing optical temperature measurement with triple activa-

tors.
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1 Introduction

As a fundamental thermodynamic parameter,
temperature is highly essential in both science re-
searches and industry applications. Considerable
efforts have been put into temperature measure-

[1-4]

ment Among numerous methods for measuring

temperature, luminescence-based measurements
have aroused interests of researchers because they
have merits of quick response, precise resolution,
contactless and noninvasive operation””. All these
merits make it possible for measuring temperature in
some extremely harsh environments based on fluores-
cence peak shift, bandwidth, intensity, and life-
time"*"",

Generally, optical temperature probe includes
two basic means by monitoring the temperature-in-
duced changes of single emission or relative emis-
sion. Single emission detecting has the drawbacks of
dependence on concentrations, pumping power, and
some other experimental conditions. Relative emis-
sion method is based on different luminescent cen-
ters or different energy levels of one luminescent
center, which can overcome the shortcomings of sin-
gle emission method due to its independence on ex-

. . 12-15
perimental fluctuations"*"”

Specially, self-referenc-
ing optical temperature sensing based on fluores-
cence intensily ratio (FIR) of rare earth ions (RE)
has been widely used for precise temperature sens-
ing, which is one of relative emission method™""".
Usually, FIR methods are based on two thermal
coupled levels (TCL) of RE”. The energy gap of
TCL is 200-2 000 c¢m™', such as Hy,;» and *Ss), level
of Er*™. However, researches have shown that the
higher sensitivity of FIR thermometer benefits from a

1929 Therefore, the sensitivity is re-

larger energy gap
stricted by the small energy gap of TCL. Besides, a
small energy gap can lead to inferior signal discrim-
inability due to the overlap of the two fluorescence

BY In addition, the energy level gap of most

peaks
RE are non-thermal coupled levels (NTCL), espe-
cially for materials doped with more than one RE ac-

tivator. However, FIR methods based on NTCL have

been scarcely studied™""**,

Eu/Tb co-doped materials have been widely
used for FIR-type temperature measurement due to
their distinguished red emission of Eu® (°Dy-"F, tran-
sition) and green emission of Th™ (°D,-'Fs transi-
tion)™®"*'***2 Tn this work, we reported Eu/Th/Sn0O,
nanocrystals (NCs) co-doped silica glasses for tem-
perature sensing based on NTCL. The hybrid materi-
al was synthesized with the same method of our pre-
vious work™?". Other than most Eu/Th co-doped ma-
terials, the hybrid here shows not only the character-
istic emissions of Eu’ and Tbh”, but also the blue
emission of Eu® (4£°5d-*S;, transition). In that way,
the triple-activator photoluminescence (PL) of this
hybrid can be used as excellent self-referencing opti-
cal temperature thermometer. The FIR method have
been carefully studied based on NTCL of the highly
efficient triple-activator PL(°Dy-"F, transition of Eu™
and 4£°5d-S;,, transition of Eu™, and ’D,-'F, transi-
tion of Eu® and ’D,-'Fs transition of Th™) in a wider
range(298-773 K) than most of the Eu/Tb co-doped

materials.

2  Experiment

The synthesis processes of Eu/Tb/Sn0, NCs co-
doped silica glasses were described clearly in our
previous works with an in-situ method followed by a
heat treatment™”". EuCls*6H,0 (99.99%), ThCl;-
6H,0(99.9%), SnCl,* 5H,0(99. 995%), and deion-
ized water were used as raw materials. Firstly, meso-
porous silica glasses with mesopore size around
5-40 nm were immersed into the solutions (as listed
in Tab. S1) for about 24 hours. Secondly, the doped
glasses were dried in super-clean air for nearly 2
hours. Finally, the dried glasses were sintered in air
to 1 000 C.

X-ray diffraction(XRD) patterns and micromor-
phology of the hybrids were collected using X’ Pert
PRO with Cu Ka radiation (A =0. 154 nm) at scan-
ning speed of 10 degree per minute in the range from
10° to 70° and Tecnai G20 U-Twin Transmission
Electron Microscope (TEM). LabRAM HR800 with
a cooled CCD detector (He-Ne laser, 325 nm, 0.3
mW) and Edinburgh FLS980 fluorescence spectrom-

eter were used to characterize the PL spectra and the
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decay curves.

3 Results and Discussion

Fig. 1(a) and Fig. S1 show the XRD patterns of
all the samples named in Tab. S1. In all the samples,
the diffraction peaks at two-theta angles of 26.6°,
33.9°,37.9°,51. 8° were clearly shown, which corre-
sponded to the crystal planes (110), (101), (200),
and (211), respectively, of the tetragonal structure
Sn0, (refer to ICDD PDF card No. 41-1445)5",
The broad amorphous peak at two-theta angles

15°-25° belongs to silica glass matrix. There is no

(a)

(110)

Intensity/a. u.

——Tb 0.40
—Tb 0.20
Th 0.10
—Tb 0.05

10 nm
| W—

big difference in the crystal peaks with increasing
concentration of Th*. As shown in Fig. 1(b), the
Sn0O, NCs in silica glass are mostly oval, with size
ranging from 5-30 nm. Fig. 1(c¢) showed one SnO,
NC around 15 nm and its TEM mapping images were
shown in Fig. 1(d) (overlay), Fig. 1(e) (Sn), Fig.
1(f) (Eu), and Fig. 1(g) (Tb). Itis clear that most
of Sn was distributed in the SnO, NC, with little in
the silica glass matrix. Eu and Tb were homoge-
neously distributed both in the SnO, NC and silica

glass matrix. Tt indicates that more Eu and Th were

in or near the SnO, NC than in the glass matrix.

50 nm

Fig. 1 (a) XRD patterns of Eu/Th/Sn0, NCs co-doped silica glasses with different concentration of Th**, named Tb 0. 05, Th
0. 10, Th 0. 20, and Th 0. 40, respectively. (b) TEM image of Th 0. 10. (c¢)—(d) TEM mapping of Th 0. 10 (three ele-

ments Sn(e), Eu(f), and Th(g)).

As illustrated in Fig. 2 (a), there are several
emission peaks centered at 434, 542, 575, 588, 620
nm. The emission peaks at 434 nm and 542 nm be-
long to 4f°5d-°S;,, transition of Eu®" and °D,-"Fs transi-
tion of Th**, respectively. The other emission peaks
all correspond to Eu™. From Fig. S2, the emission
intensity at 434, 542, 575, 620 nm all increased first
and then decreased with the increasing concentra-
tion of Th™", which reached max at Th 0. 10. The
emission intensities of 434, 575, 620 nm increase
first because of increased sensitization centers. The
emission intensities of 542 nm increase first because
of increased luminescent centers. They all decrease

with the doping concentration beyond the optimal

concentration due to the increase of intra ionic non-
radiative relaxation between adjacent RE ions™.
The emission of Eu™ is the strongest while the emis-
sion of Th* is the weakest in all the samples. Com-
pared to the PL emission spectra of the sample
doped without Th** in Fig. S3, one can see that the
introducing of Th™ greatly enhanced the emission of
Eu™ and decreased the emission of Eu™ at 588,593,
598 nm corresponding to ’Dy-"F; transitions. The
strongest peak of Eu’ in silica glasses shifts from
°Dy-"F; transition to Dy-"F, transition by adding Th™".
The relative intensities of Do-'F; and *Dy-'F, transi-
tions are typical magnetic and electronic dipole tran-

sitions, respectively, which depend strongly on the
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local symmetry of Eu™®. *Dy-'F, transition is domi-
nating in a site with inversion symmetry. ‘Dy-'F,
transition is the strongest in a site without inversion
symmetry. Therefore, the intensities of *Do-"F, transi-
tion change with the amount of Th* inconsistent with
the changes of the peaks at 434, 542, 575, 620 nm
might result from the change of the Eu™ site symme-
try after co-doping with Th™. In Fig. S4, for the sam-
ple co-doped with only Th* and Sn0, NCs, besides
the peak at 542 nm, there is also one wide peak cen-

tered at 574 nm which belongs to the defect emission
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of Sn0, NCs™. From Fig. 2(b), the lifetime of Eu*
at 434 nm followed a similar trend as the PL emis-
sion. Compared with Fig. 2(¢) and Fig. S5, the life-
time of Th™ at 542 nm almost followed a decreasing
trend with the increasing concentration and the add-
ing of Eu reduced the lifetime of Th** from 3. 282 ms
to 2. 755 ms. The lifetime of Eu™ at 620 nm shown
in Fig. 2(d) kept almost steady, which is much shorter
than the sample doped without Th* (2. 197 ms)"™.
Upon the above results, there might be energy trans-

fer from Th* to Eu™/Eu’ as shown in Fig. S6™77,
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Fig.2 (a)Room temperature PL spectra of Eu/Sn0, NCs co-doped silica glasses with different concentration of Th** excited at

325 nm. PL decay curves of Th 0.05, Th 0.10, Tb 0.20, and Tb 0.40 at 434 nm(b), 542 nm(¢), and 620 nm(d).

As there are three different emitters in the Eu/
Th/Sn0, NCs co-doped silica glasses, it might be
used as self-referencing luminescent thermometer
with a FIR method. Therefore, the temperature-de-
pendent PL spectra of Th 0. 10 from 298 K to 773 K
were shown in Fig. 3 (a). From Fig. S7, the PL in-
tensity at 620 nm diminished quickly with the in-
crease of temperature. The PL intensity at 542 nm
also followed a decreasing trend with a much slower
speed. While the PL intensity at 434 nm showed
slight change in the low temperature range 298-448
K and kept a slow downward trend after 448 K. At
298 K, the intensity of Eu™ is 4 times higher than

that of Eu®, which shows a red colour of the glass.
However, the intensity of Eu™ is 22 times more in-
tense than that of Eu’ at 773 K, indicating the domi-
nated emission has shifted from Eu’ to Eu®™ in the
high temperature range. Besides, the intensity of
Th™ becomes more intense than that of Eu’™ after
548 K. It can be seen that Th 0. 10 can be an excel-
lent candidate for ratiometric luminescent thermome-
ters as the intensity shows a T-dependent behaviour

[14]

and shifts in opposite directions As shown in

Fig. 3(b) and Fig. 3(¢), the FIR (Ry) can be con-

cluded as follows™™:

I
R“:[—lzexp(A+BT+CT2), (1)
2
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here the I, and I, are the intensity of PL peak. As a

result, the relative thermal sensitivity S, should be

determined as":

s 2|1 dry

= , 2
"R, dT (2)

=|B +2CT

the correlation coefficients (R*) of the PL intensity
ratios are 99. 5% and 99. 4% at Ioyo/l434 and Igo/lsan
respectively, which indicates that the relationships
are well fitted by the functions in the figures inset.

The S, is shown in Fig. 3(d), which can be used to

evaluate the thermometer’ s performance of different
materials directly and quantitatively®***.,  The
S, values of Igo/l434 and Igy/Is4, both increase linearly
with temperature and the maximum S, values are
2.3%-K" and 2.1%-K" at 773 K, respectively.
The high maximum S, values indicates Th 0. 10 is a
potentially excellent luminescent thermometer
among inorganic thermometers'™. Tab. 1 shows the
overview of the maximal S, of different Eu/Tb co-do-

ped materials, which indicates Th 0. 10 has a wider
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Fig.3 (a)Temperature-dependent PL spectra of the sample named Tbh 0.10 excited by 325 nm. (b)PL intensity ratio of 620 nm
(Eu™) to 434 nm(Eu™) and the fitted curve. (¢)PL intensity ratio of 620 nm(Eu™) to 542 nm(Tb*) and the fitted curve.

(d) Variation of relative sensitivity.

Tab.1 Overview of the maximal S, of different Eu/Tb co-doped materials

Sample Maximal S/(%-K™) Temperature range/K Reference
Nal (Gd, (Eu, ,Th, ,)Si0,] 2.0 12-450 [39]
Eu,Th 2D MOF sheets 1.08 110-360 [26]
Y,0,:Th™  Eu™ 0. 683 313-513 [40]
Eu, o, Th, ,-PDC 1.37 293-333 [41]
MOF-5:Eu, Th 1.8 303-473 [8]
NaLa(MoO,),: Th** ,Eu™ 1.42 293-593 [42]
Bty 31 Thy, ogss BTPTA 5.12 25-225 [43]
Eu, ,,Tb, ,-BTC-a 0.68 313-473 [44]
StF,: Th™ , Eu™ 298-473 [45]
CaMo0,:5%Tb* ,0. 3% Eu’™* 1.18 298-603 [25]
Sc,0,: Eu*"/Eu™/Th* 2.65 137-267 [13]

Silica glass: Eu*'/Eu*/Th*/Sn0, 2.3 298-773 This work
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probing range and higher S, than most Eu/Tb co-
doped materials.
[13,17]

Repeatability is a vital parameter for sensor ™ ".

As shown in Fig. 4, the repeatability is 93. 90% for

(a) ) '
il e .dl 298 K o o
I
&
oF ° °
at 773 K . .
0 1 2 3 4
Cycles

1620/[434 and 95 18% for [620/[5427 Wthh was obtained
by heating-cooling four cycles. This suggests Tb

0. 10 has good repeatability as luminescent thermom -

eters.

(b) K a1 298K, &
4+

g

3 o}
1_
OF S wIpK X
0 1 2 3 4

Cycles

Fig.4 Four cycles of intensity ratio variations measured at 298 K and 773 K of I/l434(a) and Igy/l54,(b)

4  Conclusion

In summary, we report the triple-emitting photo-
luminescence of Eu/Th/Sn0, NCs co-doped silica
glasses for self-referencing temperature probing.
The temperature dependent FIR of Eu’/Eu® and
Eu™/Th™ were used for measuring temperature in a
wide range of 298-773 K. The S,values of Ig/l434

and Ig0/l54, both increase linearly with temperature
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