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Abstract
Design and fabrication of contactless optical thermometer with rapid and accurate 
performance has become a research hotspot in recent years. Herein, CaSc2O4: Yb3+/
Er3+ is employed as the intermediary for temperature sensing under the excitation of 
980 nm, which is proven to afford an ultra-sensitive and high-resolution optical ther-
mometry in multiple ways based on the fluorescence intensity ratio (FIR) technology. 
The optimal thermal sensing behaviors are realized by the FIR of Er3+:2H11/2 → 4I15/2 
to 4S3/2 →  4I15/2 transition, which has a relative sensitivity of 1184/T2 and a mini-
mal resolution of 0.03  K along with a maximal absolute error of 0.96  K. Besides 
that, the FIR between the thermally coupled Stark sublevels of Er3+:4F9/2 manifold 
(FIRR) as well as that of Er3+: 4I13/2 manifold (FIRN) can also provide excellent opti-
cal thermometry. The relative sensitivity of FIRR-based and FIRN-based optical ther-
mometers are calculated to be 402/T2 and 366/T2, respectively, with a same minimal 
resolution of 0.09 K, which possess the potential to be used for biomedicine due to the 
inherent advantage of their operating wavelengths located in the biological window. 
The results demonstrate that CaSc2O4: Yb3+/Er3+ is a promising candidate for tem-
perature sensing with multipath, high sensitivity, and superior resolution.
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1  |   INTRODUCTION

Upconversion (UC) luminescence is referred to radiate ultravi-
olet or visible light through absorbing two or more near-infra-
red photons with low energy.1-4 Benefiting from such a unique 
optical property, UC materials have attracted much attention 
for the application of drug delivery, biological imaging, pho-
todynamic therapy, photothermal therapy, three-dimensional 
display, etc.5-9 In the past few years, UC materials have also 
been found to own outstanding temperature sensing properties 
which can afford a contactless thermometry in many special 
industries, such as coal mining, metal smelting, petrochemicals, 
biomedicine, and so on.10,11 In particular, the fluorescence in-
tensity ratio (FIR) between two thermally coupled energy levels 
of trivalent rare earth ions is considered to be a promising tech-
nology to provide fast and accurate optical thermometry, due 
to its rapid response capability, high spatial resolution, strong 
anti-jamming ability, etc.12-17 Up to date, numerous trivalent 
rare earth ions are used for ratiometric thermometry, such as 
Er3+, Ho3+, Tm3+, Nd3+, and Eu3+.18-25 Among these ions, Er3+ 
is the most widely used activator for temperature sensing which 
has been realized in an enormous variety of materials, due to 
the excellent thermal coupling between the green emitting lev-
els 2H11/2 and 4S3/2 of Er3+ as well as their strong UC intensity 
under the excitation of 980 nm excitation with the sensitization 
of Yb3+.26,27 Nevertheless, the thermometric sensitivity and 
resolution as well as the signal to noise ratio (SNR) of Er3+-
typed optical thermometer are still need to be improved.

CaSc2O4 is an extremely efficient UC host because of its 
low phonon energy 540 cm−1, which has been demonstrated in 
a large number of articles. For instance, Li et al. announce that 
CaSc2O4: Yb3+/Tm3+ exhibits 3.5 times stronger 3H4 → 3H6 near 
infrared (NIR) emission than that of Y2O3: Yb3+/Tm3+, result-
ing from the larger absorption cross section of Yb3+ at 980 nm in 
CaSc2O4 matrix.28 Similar conclusion has also been presented 
in CaSc2O4: Yb3+/Ho3+ and Y2O3: Yb3+/Ho3+.29 Beyond that, 
Stefan's group study the energy transfer (ET) mechanisms be-
tween Yb3+ and Er3+ in CaSc2O4 ceramic and obtain a maxi-
mal UC efficiency of approximately 0.94%.30 Recognizing the 
statements mentioned above, it can be proposed that CaSc2O4 is 
a promising candidate to achieve excellent temperature sensing 
behaviors based on the FIR technology in virtue of its outstand-
ing UC luminescence (UCL) performance. However, as far as 
we know, there are seldom papers in the literature concerning 
the optical thermometry properties of CaSc2O4.

In the present paper, CaSc2O4: Yb3+/Er3+ powders are 
synthesized through a conventional high temperature solid 
state reaction and verified by XRD data. Strong UC emission 
can be observed under the excitation of 980 nm wavelength. 
The ET mechanisms of the Yb3+/Er3+ codoped system in 
CaSc2O4 are discussed in detail. Furthermore, the thermal 
sensing behaviors of CaSc2O4: Yb3+/Er3+ are realized in mul-
tiple ways based on the FIR between two thermally coupled 

levels of Er3+, including the electronic levels 2H11/2/
4S3/2 

as well as the Stark sublevels of 4F9/2 manifold and 4I13/2 
manifold. The optimal relative sensitivity and resolution is 
calculated to be 1184/T2 and 0.03 K. All the results reveal 
that CaSc2O4: Yb3+/Er3+ is a promising intermediary for 
non-contact thermometry with multipath, great sensitivity, 
and excellent resolution.

2  |   EXPERIMENTAL PROCEDURE

2.1  |  Sample preparation

A conventional high temperature solid state reaction is used 
to synthesize CaSc2O4: y% Yb3+/x% Er3+ (x = 0, 1, 2, 3, 4, 
5; y = 0, 1, 5, 10, 20, 30, 40) powder. In a typical procedure, 
stoichiometric CaCO3, Sc2O3, Yb2O3, and Er2O3 powder are 
evenly mixed and ground in an agate mortar for 45 minutes. 
Subsequently, sinter the mixed powders in a box furnace at 
1500°C for 4 hours.

2.2  |  Characterization

The powder X-ray diffraction (XRD) data of the prepared 
samples are examined by a Persee XD-2 diffractometer. A 
FLS1000 spectrometer equipped a 980 nm diode laser as the 
excitation source is utilized to measure the spectra data.

3  |   RESULTS AND DISCUSSION

3.1  |  Crystal structure

The XRD patterns are collected to confirm the structure and 
phase of CaSc2O4: y% Yb3+/x% Er3+, as presented in Figure 
1A,B. All the diffraction peaks existing in the region of 10°-
70° are perfectly matched with the reference data of CaSc2O4 
(JCPDS 72-1360) following the well-known calcium ferrite 
structure with a space group Pnam(62). As desired, no im-
pure diffraction peaks are observed, revealing that Yb3+ and 
Er3+ have successfully entered into the CaSc2O4 matrix to 
form a solid solution structure.

3.2  |  Luminescence properties

3.2.1  |  UCL properties

Under pumping at 980 nm, the UC spectra of CaSc2O4: Yb3+/
Er3+ as a function of Er3+ and Yb3+ doping concentration 
are recorded at room temperature and presented in Figure 
2A,B, respectively. Two obvious emission bands, including 
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a green one and a red one, appear in the region from 500 nm 
to 700 nm simultaneously. The green emission band is con-
sisted by two electronic transition of Er3+, which belongs to 
2H11/2 → 4I15/2 transition located at 525 nm and 4S3/2 → 4I15/2 
transition located at 553 nm. The red one is originated from 
Er3+: 4F9/2 → 4I15/2 transition peaked at 665 nm. Although the 

variation of Er3+ and Yb3+ doping concentration has no ef-
fect on the peak positions, the UC intensities of the presented 
samples are greatly influenced by the increasing doping 
concentration of Er3+ and Yb3+. Summarizing from Figure 
2A,B, the optimal doping concentration of Er3+ and Yb3+ in 
CaSc2O4 host is ascertained to be 4% and 10%, respectively. 

F I G U R E  1   XRD patterns of (A) 
CaSc2O4: 10% Yb3+/x% Er3+ and (B) 
CaSc2O4: y% Yb3+/4% Er3+ along with 
the standard data of CaSc2O4 (JCPDS 
72-1360) [Color figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  2   UC spectra of (A) 
CaSc2O4: 10% Yb3+/x% Er3+ and (B) 
CaSc2O4: y% Yb3+/4% Er3+. The NIR 
spectra of (C) CaSc2O4: 10% Yb3+/x% Er3+ 
and (D) CaSc2O4: y% Yb3+/4% Er3+ [Color 
figure can be viewed at wileyonlinelibrary.
com]
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Further increasing the doping concentration of Er3+ and Yb3+ 
would give rise to the decrease of UC intensity because of the 
concentration quenching effect. As for the sample CaSc2O4: 
10% Yb3+/4% Er3+, its red UC intensity is about 13.5 times 
stronger than the green one, mainly caused by the closer 
Yb3+-Er3+ and Er3+-Er3+ pairs created by the substitution of 
Ca2+ and Sc3+.31 Actually, a cross relaxation (CR) process 
exists between Yb3+ and Er3+, including 4S3/2 (Er3+) + 2F7/2 
(Yb3+) → 4I13/2 (Er3+) + 2F5/2 (Yb3+) (CR1) followed by 4I13/2 
(Er3+) + 2F5/2 (Yb3+) → 4F9/2 (Er3+) + 2F7/2 (Yb3+) (CR2) 
occurring in the same Yb3+-Er3+ pair, as shown in Figure 
3A. Meanwhile, there is a CR3 process occurring between 
two Er3+ ions, namely 4F7/2 (Er3+)  +  4I11/2 (Er3+)  →  4F9/2 
(Er3+) + 4F9/2 (Er3+). The CR processes mentioned above are 
significantly enhanced by the closer Yb3+-Er3+ and Er3+-Er3+ 
pairs, resulting in an intense red UC emission along with a 
weak green UC emission.32,33 Beyond that, the NIR emission 
of Er3+ attributed to 4I13/2 → 4I15/2 transition is also explored. 
As depicted in Figure 2C,D, the optimal doping concentra-
tion of Er3+ and Yb3+ in this case is determined to be 4% and 
30%, respectively. That is to say, a much higher Yb3+ doping 
concentration is allowed for Er3+: 4I13/2 →  4I15/2 transition, 
benefiting to achieve strong NIR emission through absorbing 
more 980 nm photons.34

For the purpose of well understanding the UC mecha-
nism, the power density dependent green and red UC intensi-
ties are measured under the excitation of 980 nm wavelength. 
It is widely known that UCL is assigned to be a complex 
nonlinear process. However, for the unsaturated UC process, 
the relationship between the UC intensity I and the excitation 
power density P can be represented as follows:

Here n represents the required number of photons for pop-
ulating the activators from the ground state to the correspond-
ing excited level, which can be acquired through the double 

logarithmic plots of the UCL intensity versus the power den-
sity.35,36 As depicted in Figure 3B, the n values of green and 
red UCL are both calculated to be approximately 2.0, reveal-
ing a two photon process for them in CaSc2O4: Yb3+/Er3+.

The UC emission of Er3+ strongly depends on the ET 
processes between Yb3+ and Er3+. As such, the energy 
level diagram of Yb3+ and Er3+ is depicted to illustrate the 
possible UC mechanisms of Yb3+/Er3+ codoped system in 
CaSc2O4. As shown in Figure 3A, upon the excitation of 
980  nm wavelength, the laser photons are dominantly ab-
sorbed by Yb3+ because of its large absorption cross section 
at this position, giving rise to the population of Yb3+: 2F5/2 
state. Subsequently, the Er3+ at the ground state is populated 
to its 4F7/2 state through receiving two 980 nm photons from 
the excited Yb3+ (ET1 and ET2). Then, the green emission 
from Er3+:  2H11/2/

4S3/2 states is realized by a multiphonon 
relaxation (MPR) process originating from 4F7/2 level. The 
red emitting level Er3+: 4F9/2 is contributed by a MPR pro-
cess from 4I11/2 level to 4I13/2 level followed by an ET process 
from Yb3+: 2F5/2 level to Er3+: 4I13/2 level (ET3). In addi-
tion, the Er3+ located at 2H11/2/

4S3/2 levels can also undergo 
a MPR process and then accomplish the population of 4F9/2 
level.

3.2.2  |  Temperature sensing properties

Figure 4A shows the green UC spectra of CaSc2O4: 10% 
Yb3+/4% Er3+ with the temperature increased from 323 K to 
573 K, which are normalized to 1 at 553 nm. There is no ob-
vious shift for the position of green emission band. However, 
the relative intensity of 2H11/2 → 4I15/2 transition (525 nm) to 
4S3/2 → 4I15/2 transition (553 nm) is monotonically increased 
from ~0.20 to ~0.98 with the rising temperature, as shown in 
Figure 4B. This can be explained by the thermal population 
of 2H11/2 state originating from 4S3/2 state due to their moder-
ate energy gap ΔE. That is to say, 2H11/2 and 4S3/2 state are a 

(1)I ∝ Pn.

F I G U R E  3   (A) Possible ET processes 
in CaSc2O4: Yb3+/Er3+. (B) Pump power 
density dependence of 2H11/2/

4S3/2 → 4I15/2 
transition and 4F9/2 → 4I15/2 transition [Color 
figure can be viewed at wileyonlinelibrary.
com](A) (B)
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pair of thermally coupled energy levels (TCLs) obeying the 
Boltzmann distribution law:

where Iup and Ilow represent the emission intensity of the upper 
and lower levels, respectively. kB is the Boltzmann constant and 
T is the absolute temperature. B is a constant determined by the 
degeneracy degree, spontaneous emission, and absorption rate. 
In the present case, 2H11/2 and 4S3/2 are regarded as the upper and 
lower levels, respectively. According to Eqn (2) and the spectral 
data, the fitting function of the FIRG between 2H11/2 → 4I15/2 
transition and 4S3/2 → 4I15/2 transition is calculated to be

from which the ΔE value is assured to be 824 cm−1, close to the 
theoretical value 800 cm−1. The experimental data is well fitted 
with fitting degree (R2) of 0.9998.

Absolute sensitivity SA of the FIR-based optical thermom-
eter is the changing rate of FIR values with temperature and 
relative sensitivity SR represents the relative change of FIR 
values per degree of temperature fluctuation. Both of them 
are the key characteristics for optical thermometers, which 
can be defined as follows:

Figure 4C shows the evolution of SA-G and SR-G with 
the increasing temperature. The SA-G of FIRG-based optical 

thermometer is increased from 0.22% K−1 to 0.35% K−1 
with the rising temperature. The SR-G is expressed as 1184/
T2, which is decreased gradually with the temperature in-
creasing from 323 K to 573 K and reaches its maximal value 
1.13% K−1 at 323 K. In addition, the temperature uncertainty 
δT, namely temperature resolution, is another vital parame-
ter for temperature sensing, which can be calculated by

Here δFIR/FIR is the relative uncertainty of FIR, mainly 
related to the test equipments. Specific to our case, the δFIR/
FIR value is calculated to be 0.033% for the setup we used in 
spectrum experiment.37 Figure 4D presents the determined 
δTG of FIRG-based optical thermometer as a function of tem-
perature. Definitely, δTG is estimated to be better than 0.1 K 
over the studied temperature region and possesses a minimal 
value of 0.03 K at 323 K.

With the exception of the electronic energy levels, the Stark 
sublevels originating from the crystal field effect can also be uti-
lized for temperature sensing due to their thermal coupling de-
rived from the small ΔE. As presented in Figure 5A, the red UC 
spectra of CaSc2O4: 10% Yb3+/4% Er3+ with various tempera-
ture are normalized at 665 nm. More importantly, at least five 
Stark transitions appear in the red emission band and their rela-
tive intensities change regularly with the increasing temperature, 
indicating their potential for FIR-based optical thermometry. 
Here, Peak R1 at 652 nm and Peak R2 at 665 nm are selected as 
the intermediaries for temperature sensing. As shown in Figure 
5C, based on the Boltzmann distribution law expressed by Eqn 
(2), the fitting function of temperature dependent FIRR between 
Peak R1 and Peak R2 is determined to be as follows:

(2)FIR = Iup∕Ilow = B ⋅ exp
(
−ΔE∕kBT

)
,

(3)FIRG = 7.7 ⋅ e
− 1184

T ,

(4)SA = |d (FIR)∕dT| = FIR ⋅

(
ΔE∕kBT2

)
,

(5)SR = |d (FIR)∕ (FIR) ⋅ dT| = ΔE∕kBT2.

(6)�T = (�FIR∕FIR) ⋅
(
1∕SR

)
.

F I G U R E  4   (A) Normalized green UC spectra as a function of temperature. The evolution of (B) FIRG, (C) absolute sensitivity SA-G and 
relative sensitivity SR-G and (D) temperature resolution δTG with temperature [Color figure can be viewed at wileyonlinelibrary.com]

(A)

(B)

(C)

(D)
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Correspondingly, the ΔE value between Peak R1 and 
Peak R2 is calculated to be 280 cm−1, close to the result ob-
tain from the spectra (300 cm−1). In addition, the SA-R and 
SR-R as well as δTR of FIRR-based optical thermometer are 
all acquired, as depicted in Figure 5D,E. Both SA-R and SR-

R reach the maximal value of 0.19% K−1 and 0.39% K−1 at 
the beginning temperature and then decrease gradually with 
the increasing temperature. The minimal δTR of FIRR-based 
optical thermometer is 0.09 K at the temperature of 323 K. 
For the 4I13/2 → 4I15/2 transition in the NIR region, as shown 
in Figure 5B, thermally coupled Stark transitions located at 
1488 nm (Peak N1) and 1544 nm (Peak N2) are chosen as 
the research subjects for temperature sensing. Figure 5F-H 
show the corresponding temperature dependence of FIRN, 
SA-N, SR-N and δTN. Consequently, the FIRN-based optical 
thermometer owns maximal SA-N and SR-N of about 0.07% 

K−1 and 0.35% K−1 as well as a minimal δTN of 0.09 K at the 
beginning temperature.

A simple validation experiment is conducted to verify the 
thermometric accuracy of FIRG-based and FIRR-based optical 
thermometers. A heating gun is used to heat the sample to a 
certain temperature and then an infrared thermometer is em-
ployed to detect the sample temperature. Meanwhile, the green 
and red UC spectra are collected by the spectrometer excited 
by 980 nm wavelength. Then the spectral data are utilized to 
calculate their corresponding temperature based on FIRG and 
FIRR, respectively. As illustrated in Figure 6A,B, both FIRG-
based and FIRR-based optical thermometers display superior 
accuracy for optical thermometry. The maximal absolute errors 
of FIRG-based and FIRR-based optical thermometers are 0.96 K 
and 1.21 K, respectively. In addition, the repeatability studies 
of FIRG, FIRR, and FIRN in the temperature cycling between 
323 K and 573 K have been provided in Figure 7. All of them 
keep almost unchanged in the cycling process, indicating the 
excellent repeatability and reliability of CaSc2O4: Yb3+/Er3+.

(7)FIRR = 1.7e
− 402

T .

F I G U R E  5   Evolution of normalized (A) red UC spectra in CaSc2O4: 10% Yb3+/4% Er3+ and (B) NIR spectra in CaSc2O4: 30% Yb3+/4% Er3+ 
with temperature. The (C) FIRR, (D) SA-R and SR-R and (e) δTR of FIRR-based optical thermometer as a function of temperature. The (F) FIRN, (G) 
SA-N and SR-N and (H) δTN of FIRN-based optical thermometer as a function of temperature [Color figure can be viewed at wileyonlinelibrary.com]

(A) (B)

(C) (D) (E)

(F) (G) (H)
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Table 1 lists a series of typical FIR-based optical 
thermometers with their various important parameters. 
Obviously, as shown in Part A of Table 1, the FIRG-based 
optical thermometer realized in CaSc2O4: Yb3+/Er3+ shows 
much larger SR and lower δT than most others. Although 
LaPO4: Yb3+/Nd3+ reveals a better temperature sensing 
performance than the FIRG-based optical thermometer, the 
big energy gap between Nd3+: 4F7/2 and 4F3/2 (1897 cm−1) 
makes it more suitable for high-temperature detection re-
sulting from the requirement of strong heat activation for 
the lower level to populate the upper level. Meanwhile, as 
shown in Part B of Table 1, the FIRR-based and FIRN-based 
optical thermometers in this work also exhibit remarkable 

temperature sensing behaviors among the optical ther-
mometers based on the thermally coupled Stark sublevels. 
By the way, although the FIRG-based optical thermome-
ter owns much better thermometric performance than that 
of the FIRR-based and FIRN-based optical thermometers, 
the FIRR-based and FIRN-based optical thermometers pos-
sess potential application values for biomedicine thanks 
to the proper wavelengths employed for optical thermom-
etry, which exactly locate in the biological window. All 
the results indicate that CaSc2O4: Yb3+/Er3+ is a promis-
ing candidate for temperature sensing with multipath, high 
sensitivity and superior resolution.

4  |   CONCLUSIONS

In summary, multipath FIR-based optical thermometry 
is successfully realized in CaSc2O4:  Yb3+/Er3+ based on 
the thermally coupled electronic levels 2H11/2/4S3/2 (FIRG), 
Stark sublevels of 4F9/2 manifold (FIRR) and 4I13/2 mani-
fold (FIRN), respectively. Thereinto, FIRG-based optical 
thermometer owns the optimal temperature sensing be-
haviors with a SR-G of 1184/T2 and a minimal resolution 
of 0.03 K as well as a maximal absolute error of 0.96 K. 
The SR of FIRR-based and FIRN-based optical thermom-
eters are calculated to be 402/T2 and 366/T2 respectively 
with a same minimal resolution of 0.09 K, which can be 
utilized for biomedicine due to the advantage of their op-
erating wavelengths located in the biological window. The 
great sensitivity and ultra-high resolution demonstrate the 
tremendous potential of CaSc2O4: Yb3+/Er3+ to be an opti-
cal thermometer with multipath.

F I G U R E  6   Sample temperature 
obtained by FIRG, FIRR and infrared 
thermometer along with the corresponding 
absolute error. Insets are the normalized 
UC spectra collected at 298 K and 423 K, 
respectively [Color figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  7   The repeatability studies of FIRG, FIRR and 
FIRN from 323 K to 573 K [Color figure can be viewed at 
wileyonlinelibrary.com]
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