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High-efficiency upconversion (UC) luminescence has been a hot topic in the development of optical
materials. In this study, an extremely strong green UC is successfully achieved in the BaWQ,:Yb**/Er®*
phosphor through engineering the local environment around the luminescent centers, realized by Ca®*
doping. The green UC intensity of Ca®* doped BaWO,:Yb**/Er** is 6.5 and 2.3 times stronger than that
of BaWO,4:Yb**/Er** and CaWO,:Yb**/Er®*, respectively. Eu** ions are employed as the structure probe
to detect the evolution of the crystal field symmetry with the increase of Ca* doping concentration, the
results of which match well with the corresponding variation of the UC spectra. Meanwhile, the
BaWO,:Yb**/Er®*/Ca®" exhibits excellent temperature sensing performance based on the fluorescence
intensity ratio (FIR) between the thermally coupled 2H11,2 and 483/2 states of Er®" ions. Its absolute

Received 17th September 2023, sensitivity and relative sensitivity for optical thermometry can reach 1.21% K™! and 1.31% K%
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intense green UC luminescence along with the outstanding thermal properties makes the BaWQ,4:Yb>*/
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Introduction

Nowadays, a great deal of attention has been paid to develop
efficient upconversion (UC) luminescent materials due to their
unique optical properties of generating ultraviolet or visible
light from the 4f electrons of rare-earth ions upon the excitation
of near-infrared (NIR) light, contributing to great potential
applications in the fields of solid state laser, biological medi-
cine, anti-counterfeiting marker and so forth."” Thereinto, the
selection of host materials plays a vitally important role in
obtaining high-efficiency UC emission. The ideal host for
intense UC luminescence should possess low enough phonon
energy to meet the key requirement of reducing non-radiative
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Er®* phosphor a promising candidate for optical thermometry.

consumption as much as possible. Up to now, fluorides are the
most commonly used matrixes for UC studies in the previous
literature reports, especially hexagonal NaYF, and NaLuF,,
which are deemed as the optimal UC hosts because of their
extremely low phonon energy (~360 cm™').>™"*

However, the poor chemical stability makes fluorides difficult
to afford the further applications. By contrast, as an essential
member of oxide family, tungstates AWO, (A = Ca, Sr, and Ba)
with the scheelite crystal structure present remarkable optical
properties along with excellent thermal and chemical stability,
which makes them potential candidates for UC studies.’*™® For
instance, bright green UC emission is successfully realized in Yb**
and Er*" codoped BaWO, phosphors.”® Nevertheless, the UC
performance of BaWO,:Yb*"/Er*" still needs to be modified and
improved to satisfy more application demands. Actually, numer-
ous research efforts have demonstrated that impure doping is an
effective strategy for UC enhancement, resulting from the high
sensitivity of the rare-earth ions to their surrounding crystal
field.*">* More specifically, the optical transition probabilities
of luminescent centers can be promoted through the destruction
of crystal field symmetry, caused by ionic substitution. For
example, the UC luminescence of NaYF,:Yb*'/Er*" is greatly
enhanced by Mo®*" doping, resulting from the decrease of the

This journal is © The Royal Society of Chemistry 2023
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local crystal field symmetry around the lanthanide ions.”
However, to the best of our knowledge, the UC improvement of
BaWO,:Yb**/Er*" through engineering local environment have
been rarely investigated so far.

In this study, a high temperature solid state reaction method
is used to synthesize the BaWO,:Yb*'/Er** phosphor. Through
Ca”" doping, the green UC intensity of the as-prepared sample
is enhanced by a factor of 6.5 times due to the decrease of the
local symmetry around the luminescent centers, which has
been established using a Eu®" structure probe. Moreover, the
Ca®" doped BaWO,:Yb*'/Er’" phosphor presents remarkable
temperature sensing performance based on the fluorescence
intensity ratio (FIR) between the thermally coupled *H,,,, and
S/, levels of Er** ions, from which outstanding sensitivity and
resolution for temperature sensing can be obtained. All the
findings reveal that BaWO,:Yb*"/Er**/Ca®>" is an efficient UC
material with superior optical thermometry ability.

Experimental

Chemicals

CaCOj3 (99.99%), WO; (99.99%) and Er,O; (99.99%) are pro-
vided by Shanghai Aladdin Biochemical Technology Co., Ltd.
BaCOj; (99.99%) and Yb,0; (99.99%) are obtained from China
National Pharmaceutical Group Chemical Reagent Co., Ltd.
The reagents are all utilized directly in the preparation section
without additional purification.
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Sample preparation

BaWO,:x% Yb**/y% Er**/z% Ca”" (x =1, 5, 10, 20, 30, 40; y = 0.2,
0.5,1,2,3,4;2=0, 1, 5, 10, 20) powders and CaWO,:5% Yb>"/
1% Er’" are synthesized via conventional high temperature
solid state reactions. First of all, BaCO3;, CaCO5;, WO3;, Yb,O;3
and Er,0; are weighed based on the stoichiometric ratio and
then homogenized by grinding with anhydrous ethanol in an
agate mortar. After that, the ground precursors are calcinated at
1300 °C for 8 hours in a box-type furnace and then naturally
cooled down to the ambient temperature.

Characterization

The structure of the powders is determined by using a powder
X-ray diffractometer (XRD) supplied by Beijing Persee Analysis
General Instrument Co., Ltd. An FLS 1000 spectrometer
equipped with a 980 nm diode laser as the excitation source
is employed to collect the spectral data. The sample tempera-
ture is controlled by using a HFS600E-PB2 temperature control
device.

Results and discussion

Phase characterization

The XRD patterns of BaWO,:x% Yb**/y% Er**/z% Ca>" as well as
CawO,:Yb*'/Er*" are recorded to examine the structure and
phase purity of the prepared samples. As depicted in Fig. 1(a)
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Fig. 1 The XRD patterns of (a) BaWO,:x% Yb>*/1% Er**, (b) BaWO4:20% Yb>*/y% Er®*, (c) BaWO4:10% Yb**/1% Er®*/z% Ca®* and (d) CaWO,4:5% Yob™+/1% Er’*.
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and (b), all the diffraction peaks are well indexed by the
standard tetragonal BaWO, with the space group I4,/a (JCPDS
no. 43-0646). No additional peaks are observed, confirming the
successful insertion of Yb** and Er’" in the BawO, matrix.
Fig. 1(c) shows the XRD patterns of BaWO,:10% Yb**/1% Er**
doped with various Ca®" concentrations. Definitely, the Ca>*
doping at low concentration has no effect on the phase purity of
the samples, but a secondary crystalline phase corresponding
to CaWO, (JCPDS no. 41-1431) appears when the Ca®" doping
concentration reaches 10%, of which the diffraction peaks have
been marked by the asterisks. In addition, the synthesized
CaWO,:5% Yb*'/1% Er*" sample shows good agreement with
the standard CaWO,, as presented in Fig. 1(d).

Luminescence properties

UC performance

Fig. 2(a) and (b) show the UC spectra of BaWO, doped with
different Yb®" and Er’* concentrations. Distinctly, two emission
bands emerge in the range from 500 nm to 700 nm, all belonging
to the devotion of Er’* ions. Concretely, the strong green emis-
sion band is attributed to Er**:?H,,,, — “I;5, transition located
at 531 nm and Er**:*S;, —» “I;5, transition located at 553 nm,
and the weak red emission band originates from Er’":*Fo, —
1,5/, transition peaked at 656 nm. The variation of Yb** and Er**
doping concentration has no distinct influence on the location
and profile of the UC spectra. However, the spectral intensity is
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critically changed with the elevation of Yb** and Er*" concen-
tration, from which the optimal concentration of Yb** and Er** is
determined to be 10% and 1% respectively for gaining the
strongest UC emission. Subsequently, Ca>" is employed as the
surrogate ion for the aim of improving the UC performance of
BaW0,:10% Yb*'/1% Er’*. As illustrated in Fig. 2(c), the green
UC intensity of the samples is effectively promoted by a factor of
6.5 times as the concentration of Ca>* increases from 0 to 5%,
and then gradually diminished with the continuing rise in Ca>*
concentration due to the appearance of mixed CaWO,. In addi-
tion, BaW0,:10% Yb*'/1% Er**/5% Ca** also shows much stron-
ger green UC intensity (2.3 times) than the pure CawO, powders
doped with the corresponding optimal Yb** and Er’* concen-
tration, as presented in Fig. S1 (ESIY).

Eu®" has been proved to be a favorable probe for the local
structure around rare-earth ions, in which its characteristic
electric dipole transition D, — ’F, and magnetic dipole
transition D, — ’F; are used as the responders. Since electric
dipole transition and magnetic dipole transition are sensitive
and insensitive to the crystal field symmetry respectively, their
intensity ratio can clearly reveal the evolution of local symmetry
around the luminescent centers.>® Therefore, a series of
BaWO0,:2% Eu’" doped with the same Ca®" concentration as
used in the previous section are synthesized. As shown in
Fig. 2(d), several typical emission bands of Eu®* are observed
in the photoluminescence (PL) spectra under the excitation of
464 nm wavelength, including °D, — ’F; transition at 590 nm,
°D, — ’F, transition at 615 nm, D, — 'F; transition at 654 nm
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Fig. 2 UC spectra of (a) BaWOy4:x% Yb**/1% Er®*, (b) BaWO4:10% Yb**/y% Er®* and (c) BaWO,:10% Yb3*/1% Er®*/z% Ca®*. (d) PL spectra of BaWO4:x%
Ca*/2% Eu* along with the intensity ratio of °Dy — F, transition to °Dg — ’F; transition as a function of Ca®* doping content. (e) Possible ET processes
in BaWO4:10% Yb3*/1% Er®*/5% Ca®*, the inset is the pump power density dependence of the 2Hy1/5/Ss/> — 4152 and *Fg/» — *l15/5 transition.
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Fig. 3 Temperature-dependent (a) green UC spectra normalized at 553 nm and (b) FIR between ZHM,Z — 4I15,2 and 453/2 - 4I15/2 transition as well as the
corresponding temperature sensing (c) sensitivity and (d) resolution in BWOC.

and °D, — 'F, transition at 700 nm. More importantly, with the
increasing Ca®" concentration, the changing trend of intensity
ratio between °D, — ’F, and °D, — ’F; transition is the same
as the emission intensity variation of BaWO,:Yb*'/Er**/Ca®*
shown in Fig. 2(c), strongly demonstrated that the UC intensity
enhancement of BaWO,:Yb**/Er** is assigned to the destruc-
tion of crystal field symmetry through Ca*>" doping.

For UC luminescence, the relationship between UC intensity
(I) and pump power density (p) can be written as

I o P (1)

where 7 is the required NIR photon number for emitting one
ultraviolet or visible photon. The inset of Fig. 2(e) depicts the
pump power density dependence of green and red UC emission
in BaWO4:10% Yb*'/1% Er’*/5% Ca®', from which the n values
are calculated to be 1.95 for *H;,,, — L5, transition, 1.98 for
S5, — "5, transition and 2.00 for *Fe,, — “I;5,, transition
respectively, verifying they are all double-photon processes.
Based on the above analysis, the UC mechanisms in the
present sample can be sketched. As presented in Fig. 2(e),
980 nm photons are mainly absorbed by the unexcited Yb**
ions. Then, the Er’" ions at the ground state can receive energy
from the excited Yb*" ions through energy transfer (ET) process
ET1, giving rise to the population of the *I;,, level. The Er**
ions at *I,4,, level can be pumped to *Hy,,/*Ss/, levels through

This journal is © The Royal Society of Chemistry 2023

an ET2 process followed by a series of nonradiative relaxation
(NR) processes from the F;, level, resulting in green UC
emission. Moreover, the Er’" ions at the I,,,, level can also be
deexcited nonradiatively to the “I;5, level and then realize the
population of the red emitting level “Fo, via the ET3 process.
Beyond that, the population of the Er’':*F,, state can be
accomplished by the NR process from Er**:*H, /'S5, states.

Temperature sensing properties

The temperature sensing properties of BaWQ,:10% Yb**/1%
Er**/5% Ca®" (BWOC) are investigated based on the thermally
coupled *H,y/, and 'S, states of Er** ions. As exhibited in
Fig. 3(a) and Fig. S2 (ESIT), although the absolute intensity of
overall green UC of Er’’ is decreased as the temperature
increases from 298 K to 573 K, the intensity of *Hyy, — “Ij5)
transition is significantly enhanced relative to *S;;, — “Ijs
transition, caused by the thermal excitation from the lower
state *S,/, to the upper state >H,4,,. Actually, the relationship of
their FIR values and the corresponding temperature obeys the
Boltzmann distribution law:

FIR = I,/I, = B-exp(—AE/kT), )

here, I; and I, denote the emission intensity of the lower and
upper energy level, k is the Boltzmann’s constant and T
represents the absolute temperature. B is a temperature-
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Fig. 4 The sample temperature obtained by FIR technology and infrared
thermometer. The insets show the UC spectra of BWO and BWOC
collected at 298 K and 423 K.

independent constant. Therefore, as shown in Fig. 3(b), the
fitting function of temperature-dependent FIR. can be calcu-
lated as follows:

FIR, = 25.95-exp(—1160.1/T), (3)

from which the energy gap (AE) between the *Hy,/, and the S5,
state is obtained to be 807 cm™!, close to the value 749 cm™*
calculated from the spectra. The error of AE between its fitting
value and calculated value is derived from the enhancement of
the multi-phonon relaxation and ET processes at high
temperature.”” The fitting degree R of FIR, is 0.9999.

The performance of FIR-based optical thermometers can be
well evaluated by absolute sensitivity (S,) and relative sensitivity
(Swr), which can be defined as follows:

Sa = |d(FIR)/dT| = FIR-(AE/Ky-T?), (4)

Sk = |d(FIR)/(FIR)AT| = AE/(Ky-T?). (5)

As presented in Fig. 3(c), the S, curve goes up from the initial
temperature and reaches its highest value 1.21% K * at 573 K.
Inversely, the Sg shows its maximal value 1.31% K ' at the
beginning temperature and then drops to 0.35% K~ ' with the
increasing temperature. Meanwhile, temperature resolution

Table 1 Various FIR-based optical thermometers and their key parameters
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(87) is another key parameter of optical thermometers, deter-
mined by the formula as follows:

8T = (SFIR/FIR)-(1/SR). (6)

Here, SFIR/FIR represents the relative uncertainty of the FIR
values, which is primarily associated with the testing equip-
ment. This value is calculated to be 0.033% due to the high
accuracy of the spectrometer used in our work. As depicted in
Fig. 3(d), the 8T curve of BWOC exhibits an increase from
0.025 K to 0.093 K when the temperature rises. Evidently, the 6T
value remains lower than 0.1 K, revealing the excellent perfor-
mance of the present thermometer in temperature sensing.
Beyond that, the BWOC exhibits outstanding repeatability
for temperature sensing, as presented in Fig. S3 (ESIt). The
temperature sensing properties of BaW04:10% Yb**/1% Er**
(BWO) are also studied, as shown in Fig. S4 (ESIt). Based on the
above equations, its optimal S,, Sg and 3T are calculated to be
1.22% K%, 1.23% K ' and 0.027 K respectively, similar to
the corresponding values of BWOC, resulting from the unavail-
ability of Ca®" doping for changing the AE between *H,,/, and
1S,,, states.

To verify the accuracy of BWO and BWOC for temperature
sensing, FIR technology and infrared thermometer are simulta-
neously employed to detect the sample temperature. The rele-
vant diagram of the experimental setup is provided in Fig. S5
(ESIt), similar to that used by Guo’s group.”® Firstly, the
temperature of the heated sample is measured by an infrared
thermometer and the obtained value is regarded as the actual
temperature. Then, the corresponding UC spectra of the sam-
ples are also collected and used for temperature calculation
based on FIR technology. As exhibited in Fig. 4, the sample
temperatures obtained from FIR and FIR. are all close to the
actual temperature, manifesting the feasibility of BWO and
BWOC as the optical thermometers.

Table 1 presents a compilation of typical optical thermo-
meters utilizing Er** as the thermometric probe, accompanied
by their respective parameters. Compared with the different
oxide and fluoride temperature sensors, such as BaY,04:Yb*"/
Er’', Ca;Al,04:Yb*'/Er**, Ba,Y;F;,:Yb*'/Er**, B-NaLuF,:Yb*'/
Er** and so on, BWOC shows the largest S, and Sk values.
Combined with its intense green UC emission under the
excitation of 980 nm wavelength, BWOC can be considered as
a promising candidate for optical thermometry.

Materials Dopant EX (nm) Temperature (K) Sa (% K™ Sk (% K7Y) Ref.
BawoO, Yb**/Er*t/ca® 980 298-573 1.21 1.31 This work
BaY,0, Yb*t/Er** 980 298-573 0.19 — 29
CazAl,04 Yb*'/Er* /Mg>* 980 298-573 — 0.78 30
Ca0-Y,0; Yb**/Er** 980 298-573 0.07 0.67 31
GdZnTiOg Yb*'/Er** 980 298-573 0.90 - 32
Gadolinium gallium garnet (GGG) Yb**/Er** 980 300-973 0.41 1.19 33
Ba,Y;F, Yb**/Er** 980 300-660 — 1.13 34

Ko 3Bio 7 F2.4 Yb**/Er* 980 323-523 0.58 1.08 35
B-NaLuF, Yb*'/Er** 980 300-773 — 1.24 36

16314 | J Mater. Chem. C, 2023, 11, 16310-16315
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Conclusions

In summary, the green UC intensity of Yb’"/Er’* codoped
BaWO, is strongly enhanced by a factor of 6.5 times. Such a
significant improvement is realized by the destruction of local
symmetry around the luminescent centers through Ca** doping,
which has been successfully proved by structural probe Eu**
ions. The experiments also indicated that excellent temperature
sensing performance can be obtained in BaWO,:Yb>"/Er**/Ca*"
based on the FIR between the thermally coupled *Hyys, and *S;),
states of Er*" ions. The optimal S, and Sg of BaWO,:Yb*"/Er®*/
Ca”"is 1.21% K ' and 1.31% K, outperforming the majority of
the same type optical thermometers. Meanwhile, the 8T of the
present thermometer remains lower than 0.1 K within the
temperature range from 298 K to 573 K. All of the data indicate
that a high-performance temperature sensing can be achieved in
BaWO,:Yb**/Er**/Ca®" along with strong green UC emission.
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