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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini A range of Eu®*-doped AMoO4 (A = Ca and Ba) phosphors were successfully synthetized, and their crystal
structures, optical performance, and temperature measurement sensitivities were investigated in detail. Peak
doping concentration of CaMoO4:Eu®" phosphor was 0.18, while peak doping concentration of BaMoO4:Eu®*
phosphor may be greater than 0.18. Then, temperature-dependent photoluminescence emission spectra of
representative CaM004:0.09Eu>* and BaM004:0.03Eu®* phosphors were recorded. CaMo004:0.09Eu®* phosphor
exhibited abnormal thermal quenching, which was attributed to defects caused by heterovalent substitution of
ions and increase in the temperature, and good thermal stability. Finally, the possibility of using both phosphors
as optical thermometers was discussed, which exhibited good temperature sensitivity. However,
CaMo004:0.09Eu®t phosphor exhibited two peak absolute (Sa, 1.28 %K ! and 1.39 %K !) and relative sensi-
tivities (Sr, 1.21 %K ! and 1.20 %K’l). In addition, variation trend of Sr value with temperature was consid-
erably peculiar. Two optimum Sa and Sr values were attributed to abnormal thermal quenching of
CaM004:0.09Eu* phosphor. Peak Sa and Sr values of BaM004:0.03Eu>" phosphor was 12.39 %K~ and 0.89 %
K™, respectively. In addition, Sa of AMoO4:Eu®* phosphor was negatively related to Eu®" central asymmetry,
while peak Sr value was more inclined to appropriate ionic central asymmetry.
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1. Introduction intensity ratio (FIR) have attracted considerable research attention

recently [4-6]. FIR technology is based on a pair of thermally (or

As an essential thermodynamic parameter, temperature is a key
index or parameter in numerous fields, such as scientific research,
biomedicine, industrial manufacturing, and daily life. Accurate mea-
surement of temperature is vital for practical applications. However,
traditional thermometers based on the contraction principle exhibit
disadvantages of a long response time and easy interference by envi-
ronmental factors, and the corresponding measurement results exhibit a
certain dependence on environmental factors. As a result, conventional
thermometers do not meet some of the harshest practical requirements.
Hence, a novel type of a non-contact thermometer with high detection
resolution and accuracy as well as excellent sensitivity is required [1-3].

In this regard, optical thermometers based on the fluorescence
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non-thermally) coupled energy levels (TCL or NTCL) of rare-earth (RE)
ions. FIR technology based on the latter typically combines the
energy-transfer (ET) effect, demonstrating a prominent effect on
improvement of the detection sensitivity of optical thermometers [7,8].
Typically, phosphors co-doped with RE ions are designed by the energy
transfer between them, and single-doped phosphors are designed by the
energy transfer from the host to the doped ions. For example, Du et al.
[9] investigated the Bag,(VO4)2:Sm3+ optical thermometer with energy
transfer (VO?{—»SmH), exhibiting the maximum absolute sensitivity
and relative sensitivity (Sa and Sr) of 3.9 %K ! and 2.24 %K,
respectively. Yang et al. [10] designed a Y3GasO12:xEu>",yTb>" optical
thermometer based on energy transfer (Ga>*—>Tb®"-Eu®") and NTCL,
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with optimal Sa and Sr values of 2.8 %K' and 7.03 %K, respectively.
Khajuria et al. [11] investigated TCL- and NTCL-based Na3Y(PO4)2:
Yb3+,Er3+ optical thermometers and reported that Sa (16 %K 1) and Sr
(0.8 %K) values of the latter were higher and that its performance was
better for optical temperature measurement. Compared to the optical
thermometer based on TCL FIR technology [12,13], the above novel
thermometers undoubtedly exhibit a better detection sensitivity.
Although several studies on optical thermometers have been reported,
and these optical thermometers have excellent sensitivity, it is still
essential to further improve the sensitivity of luminescent thermome-
ters, broaden their types, and investigate latent factors that affect their
temperature measurement sensitivities.

An optical thermometer is well known to be based on a phosphor or
fluorescent material. Hence, its temperature measurement sensitivity is
inevitably affected by photoluminescence properties. As a vital element
in the family of RE, europium (Eu) is used as an activator of different
hosts and generates red luminescence in the visible region [14,15].
Studies have reported that effects of different coordination environ-
ments of Ln>" on its optical performance cannot be ignored [16,17]. For
Eu®", the typical transitions °Dg—’Fy (J = 1, 2, 3) are extremely sensi-
tive to its coordination environment. Based on the Judd-Ofelt theory, if
Eu>" occupies a lattice with high central symmetry, the magnetic dipole
transition (°Do—’F;) will dominate Eut emissions; else, the electric
dipole transition (°Dy—’F;) will dominant. The proportion of
(5D0—>7F2)/ (5D0—>7F1) represents the deviation between the actual local
coordination environment of Eu®* and absolute central symmetric site
[15,18]. Therefore, it is crucial to investigate the effect of ionic local
coordination environment differences on the optical performance or the
temperature measurement sensitivity of optical thermometers.

Previously, our group has prepared phosphors based on a pair of
NTCL and energy transfer (Mo(W)O%_—>Eu3+) and systematically
investigated the effect of the ionic coordination environment on the
temperature measurement sensitivity of phosphors [19]. Considering
that the different anionic groups selected for research may exhibit a
certain deviation in action, in this study, a range of AM004:Eu3+ (A=Ca
and Ba) phosphors were prepared using the same anionic group and
adjusting the type of cations. In these phosphors, Eu>* occupies the Ca%*
or Ba" sites rather than Mo®" sites. Finally, the optical performance of
AMoO4:Eu®" phosphor and the effects of different ionic coordination
environments on the temperature measurement sensitivity were
investigated.

2. Experimental
2.1. Sample synthesis

A range of AMoO4:Eu®t (A = Ca and Ba) phosphors were prepared by
the conventional solid-state method using original materials such as
Euz03 (99.99%), MoOs3 (99.5%), BaCO3 (99.0%), and CaCO3 (99.0%).
All of these original materials were used directly without further pro-
cessing. For phosphor preparation, the original materials at an appro-
priate stoichiometric ratio were weighed, completely mixed, and
ground. Next, the samples were pre-calcined at 850 °C for 5 h (low-
temperature box furnace) and calcined at 1200 °C for 5 h (high-tem-
perature tube furnace). The product was completely ground to obtain
the final sample.

2.2. Characterization and measurements

The phase structures of samples were identified by an X-ray
diffraction (D8 Advance diffraction). The morphology and element type
of samples were identified by a field-emission scanning electron mi-
croscopy (JSM-7900F). The PLE and PL spectra of samples were recor-
ded on a 150-W Xe fluorescence spectrophotometer (F-7100) with a
heating controller. The fluorescence decay curves and fluorescence
lifetimes of samples were recorded on a Fluoro Cube NL system
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3. Results and discussion
3.1. Structure and morphology analysis

The XRD patterns of the as-obtained CaMoO4:Eu®" and BaMoOy4:
Eut samples are demonstrated in Fig. 1(a) and (b), respectively.
Apparently, all diffraction peaks are well indexed to their standard
patterns (JCPDS No. 85-585 and No. 29-193), without clear impurity
diffraction peaks, indicating that all samples exhibit pure phases. Based
on the similar ionic radii (when coordination number (CN) = 8, Ca’*t =
1.12 A, Ba®" = 1.42 &, Eu®" = 1.066 A) [20-22], Eu®* doping does not
cause prominent variation in the crystal structure. XRD Rietveld
refinement analysis of pure CaMoO4 was also conducted. The good
agreement between original data and the calculated results, as well as
small reliability factors, including 10.91 (Ryyp), 8.39 (R;), 4.45 (Rp), and
2.22 (y?), indicated that CaMoO, host sample is successfully synthesized
(Fig. 1(c)). The calculated lattice parameters are a = b = 5.2263 1°\, c=
11.4371 A, a = p =y = 90°, V = 312.395 A>. As shown in Fig. 1(d), the
AMoOy crystal structure exhibits a typical scheelite structure and a
uniform space group (I41/a), comprising a MoOy4 tetrahedron and an
AOg dodecahedron.

Fig. 2(a) and (f) shows the SEM images of representative
AMo004:0.06Eu®* phosphor. Clearly, the phosphors are composed of
irregular particles. Fig. 2(b-e) and (g-j) show the corresponding
elemental mapping images of AM004:0.06Eu" phosphor. Ca (or Ba),
Mo, O, and Eu are uniformly covered on the particle surface. The above
results indicated that the target phosphors are synthesized successfully.

3.2. Optical performance analysis

Clearly, at an emission wavelength of 616 nm, AMoO4:Eu®" phos-
phors exhibit several characteristic absorption peaks located at ~362,
382, 394, and 416 nm, which are attributed to “Fo—°Da, "Fo—°La,
7Fo—>5L6, and 7F0—>5D3 transitions of Eu3+, respectively (Fig. 3) [23,24].
Particularly, for BaMoO4:Eu3Jr phosphor, a 7F0—>5D2 transition is
observed near 464 nm, while that for the CaMoO4:Eu>" phosphor is
almost invisible. In addition, dominant peaks are observed at different
positions, which are located at 394 nm and 464 nm respectively, indi-
cating that the same activator ions under different coordination envi-
ronments may exhibit different major absorption peaks; that is, the
sensitivity to excitation light is not consistent [18]. Notably, a wide
absorption band observed at 250-350 nm is attributed to the charge
transfer from 02~ to Eu®*, and the wide absorption band is also called
the charge-transfer state band (CTB) [25,26].

As shown in Fig. 4(a) and (b), under the excitation wavelengths of
309 and 291 nm, the sharp emission peaks centered at ~466, 537, 593,
616, and 656 nm are attributed to °Dy—’Fy, °D1—’F;, °Do—'F1,
5Dy—'F,, and °Dy—’Fs5 transitions, respectively [10,27], which are
consistent with the characteristic transitions of Eu®*. In addition, the
wide emission bands at 400-575 nm are attributed to the 3T1, 2—>1A1
characteristic transition of MoO3~ group [28]. In addition, compared
with that of the pure AMoO4 host, the emission intensity of the host
doped with Eu®" decreases, confirming the energy transfer of
MoO?{—»Eu“. Notably, for BaMoO4 host, the PL spectrum shows the
characteristic emission of Eu>*, which may be attributed to the fact that
a small amount of Eu>* volatilized into the pure host sample when the
BaMoO4:Eu®" phosphor samples were synthesized in the same batch.
The International Commission on illumination (CIE) chromatic co-
ordinates of all synthesized phosphors are shown in Fig. 4(c) and (d),
exhibiting pink- and purple-light emissions, respectively.

For CaMoO4Eu>* phosphor, at a Eu" content of 0.18, the PL
emission intensity peaks and then decrease with increasing doping
content (Fig. 5(a)). This result may be attributed to concentration
quenching (CQ) at 0.18 [29-31], that is, the peak activator doping
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Fig. 1. XRD patterns of (a) CaMoO4:xEu3+ and (b) B:51M004:xEu3Jr phosphors. (c) Rietveld refinement results of a pure CaMoO,4 sample. (d) Crystal structure of

AMoO, host.

Fig. 2. SEM images and elemental mapping images of representative (a—e) CaM004:0.06Eu>* and (f-j) BaM00Q,:0.06Eu* phosphors.
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Fig. 3. PLE spectra of (a) CaMoO‘,:xEusJr and (b) BaMoO‘;:xEuyr phosphors.

concentration of CaMoO4:Eu®* phosphor is 0.18. In contrast, with the
increase in the doping concentration, the Eu®" emission intensity of
BaMoO4:Eu3+ phosphors increase (Fig. 5(b)), that is, the Eu®t peak
doping concentration may be greater than 0.18. In addition, the illus-
tration shows the ET efficiency, which can be calculated as follows
[32-34]:

I

”leil

1
Lo ®

Here, I, and I represent the emission intensities of the host with and
without Eu®" dopant, respectively, and 5 represents the ET efficiency.
The highest efficiencies of the two phosphors are 51.89% and 15.29%,
respectively.

Generally, electric multipolar interaction and exchange interaction
can affect or dominate CQ. To determine the CQ mechanism, the critical
distance (R.) of Eu®t is estimated as follows [30,35-37]:
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Fig. 4. PL emission spectra of (a) CaMoO4:xEu>" and (b) BaMoOg4:xEu®* phosphors. CIE chromatic coordinates of (¢) CaMoO4:xEu*" and (d) BaMoOg:

xEu®" phosphors.
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estimated to be about 9.39 A (greater than 5 10\), indicating that the
electric multipole interaction plays a dominant role in CQ mechanism.
For determining the strength and basic type of multipole interaction, the
relationship between the emission intensity and Eu®" doping concen-
tration according to Dexter’s theory [38] can be expressed as follows:
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Fig. 6. (a) Plot of log(x) vs log(I/x) and (b) plot of log(I/x) vs log(1-x).
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T=c(1pwe) ®)

Here, I, x, and Q represent the PL emission intensity, Eu>" doping
concentration, and interaction constant, respectively. ¢ and f are con-
stants. After transformation, the above Eq. (3) can be expressed as fol-
lows [36,39]:

log(I/x)=C — (Q/3)log(x) (C))

Here, C is a constant. Therefore, the curve of log(I/x) vs log(x) after
fitting is shown in Fig. 6(a). Its slope is about —1.22, with a Q value of
about 3.66. Generally, a Q value of 3 represents exchange interaction,
while Q values of 6 represent the dipole-dipole (d—d) interaction. The
calculated Q value is about 3, indicating that the CQ of the CaMoO4Eu®*
phosphor results from the combination of d-d interaction and exchange
interaction [20,39].

Additionally, the relationship between the activator concentration
and emission intensity can be expressed by Eq. (5), which can be
rewritten as Eq. (6) [40]:

1=Ax(1 —x)* )]
lg(I/x)=Z1g(1—x)+C 6)

Where, C = 1gA is a host-dependent constant and Z is the number of
nearest cations around the luminescent center ions. Therefore, Fig. 6(b)
shows the dependence of 1g (I/x) on lg (1-x). The calculated Z value is
5.15 and the critical quenching concentration 1/(1 + Z) is 0.163, which
is close to the experimental critical quenching concentration 0.18. It
proves the reliability of the above analysis of quenching concentration
mechanism.

The luminescent behavior of Eu®* is extremely sensitive to the cen-
tral asymmetry of its sites in the host lattice. Therefore, the central
asymmetry of Eu®" is calculated using the following Eq. (7):

R=I(Dy—"F,) /1Dy~ F,) )

Fig. 7 shows the relationship between R and Eu®* concentration of
phosphors. On the one hand, the R value for the CaMoO4:Eu>* phosphor
increases first and then decreases with the increase in the Eu®* content,
and the turning point is at x = 0.18, which is the CQ point. In addition,
the variation of Eu>* emission intensity, ET efficiency, and R-value with
Eu®t content are nearly consistent, attributed to the fact that the
5Dy—'F, transition of Eu>" almost dominates its emission. With the
increase in the Eu®* content, the R value of BaMoO4:Eu3+ increases,
indicating that the central asymmetry of Eu®* is stronger at a high
doping concentration.

In addition, the decay curves of all phosphors were further recorded
to examine the luminescence kinetics under an excitation wavelength of
309 nm or 291 nm (Fig. 8). The lifetime of phosphors can be estimated as
follows:

5:5
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(1) :Aexp( - é) +B (8

The lifetimes of CaMoO,:Eu* phosphors were estimated to be about
0.428, 0.420, 0.431, 0.425, and 0.432 ms (x = 0.06, 0.09, 0.18, 0.25,
and 0.3, respectively) by single-exponential function fitting, and the
lifetimes of B.'11M004:Eu3+ phosphors were about 0.533, 0.524, 0.522,
0.534, and 0.505 ms (x = 0.03, 0.06, 0.09, 0.12, ad 0.18, respectively).

3.3. Temperature measurement sensitivity analysis

Thermal stability of phosphors is a key parameter for their practical
applications. Therefore, the temperature-dependent PL emission spectra
of the representative CaM004:0.09Eu>* and BaM004:0.03Eu>* phos-
phors are recorded (Fig. 9(a) and (b)). Clearly, the position and shape of
the emission spectra do not change with the increase in the temperature.
For CaM004:0.09Eu>" phosphor, the inset revealed that the emission
intensity of MoO73~ group first decreases and then increases, corre-
sponding to 46.98% (423 K) and 101.31% (573 K) of that at room
temperature, respectively, while the emission intensity of Eu>" exhibits
an opposite trend, corresponding to 154.52% (423 K) and 98.77% (573
K) of that at room temperature, respectively. The abnormal enhance-
ment of Eu®" emission intensity is attributed to the lattice defects caused
by the heterovalent substitution (3Ca* - 2Bu* + 1Vea, Vea represents
Ca?* vacancy) of ions and the high-concentration defects caused by
heating [41-43]. For the phosphor prepared by solid-state method, it
contains a higher concentration of defects [14,43-45]. The concentra-
tion of defects is further increased due to heterovalent substitution and
heating, and these defects can serve as electron capture centers. Hence,
the residual energy of the excited electrons is transferred and stored in
Eu®", and the emission increase caused by defects is greater than the
emission loss caused by non-radiative transitions at high temperatures,
resulting in the enhancement of red luminescence [26,42,43]. At tem-
peratures of greater than 423 K, the emission increase caused by defects
started to be less than the emission loss caused by non-radiative tran-
sitions in quantity, and thermal quenching becomes normal. In addition,
owing to the abnormal luminescent enhancement, CaMoO4:0.09Eu3+
may be considered for potential applications at high temperatures.

For BaMo004:0.03Eu>" phosphor, the Eu®" emission intensity de-
creases with the increase in temperature, while the MoO3~ group ex-
hibits an opposite trend, corresponding to 40.23% and 112.46% at 573
K, respectively. According to the Struck-Fonger model and Wang’s study
[26], the electrons are excited to the highest excited state 5L6, and the
excited electrons are then transferred along the CTS to the lower energy
level °D ; J = 1, 2, 3) and subsequently transferred to 5Do via
cross-relaxation. With the increase in the temperature, the excited
electrons overcome the energy barrier AE, via feat of phonons, and some
electrons reach °Dj, and some electrons relax to 'F;. The theory explains
the thermal quenching mechanism well and the increase in the °Dy
emission intensity. Since the emission intensity of Mo0O3~ group is

39
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Fig. 7. Plot between R value and Eu®* concentration of (a) CaMoO4:xEu3+ and (b) BaMoO4:xEu3+ phosphors.
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Fig. 9. Temperature-dependent PL emission spectra of (a) CaM00,:0.09Eu>* and (b) BaM004:0.03Eu>" phosphors.

clearly greater than that of Eu>* °Dj, and the latter is overlaid by the
former on the diagram, as a result, the emission intensity of MOO?(
group increases with the increase in temperature. The increase in the
emission intensity of MoOZ%~ group is actually the increase in Eu>* °Dj
emission intensity.

In addition, AMoO4:Eu®" phosphors can be used to design non-

14+ (a) o
19 e  FIR=4.847x 10°T%-0.042T +9.295
® Raw data
1.0 Fitting curve
a Adj. R-Square = 0.98
[ 0.8F
0.6
04+
0.2 T T T T T T
300 350 400 450 500 550 600
Temperature(K)
L4 (C) . “
12+ \ 0. o— / B
Lof .\ o / ® 100
o8t " . / U
- \ 075 o
S06+ T
175} w2
\, / e o
02t \ /A . 055
00}
300 350 400 450 500 550 600
Temperature(K)

contact temperature sensors based on NTCL (3T1, 5 of the host and 5D()
of Eu3+) and ET effects [20,28]. Fig. 10(a) and (b) shows the plot and
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relationship of FIR is expressed as follows [46-49]:
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Fig. 10. FIR as well as Sa and Sr values of (a, c) CaMoO4:0.09Eu3+ and (b, d) BaMoO4:0.03EugJr phosphors.
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FIRg, =As + BT + C,T* = 0.648 — 0.017 + 1.17 x 107477 (10)

Typically, the Sa and Sr values of the phosphors are derived and
calculated from the following expressions [10,49,50]:

d(FIR)

Saf‘ o ‘7B+2CT an
1 d(FIR)

Sr= | X | X 100% (12)

Fig. 10(c) and (d) shows the calculation results of Sa and Sr values of
representative phosphors. Clearly, with the increase in the temperature,
the variation trend in Sa value is the same as that of the corresponding
FIR value. The large difference in Sa values between the two phosphors
is attributed to the large difference in FIR. Notably, CaM004:0.09Eu>"
phosphor exhibits two peak Sa values of 1.28 %K ! (273 K) and 1.39 %
K1 (573 K), respectively. As the FIR value is fitted using a quadratic
function, the Sa value at each temperature is well known to be the ab-
solute value of the slope of the tangent at that point (Eq. (11)). However,
its Sr value changes anomalously with temperature, and there are two
optimum Sr values in the temperature range of 1.21 %K ! (348 K) and
1.20 %K ! (523 K), respectively. The strange Sa and Sr curves of
CaMo004:0.09Eu>t phosphor are related to its abnormal thermal
quenching. The optimum Sa and Sr values of the BaM004:0.03Eu®*
phosphor are 12.39 %K ! (573 K) and 0.89 %K ! (273 K), respectively.
Additionally, the two phosphors exhibit good temperature sensitivity
compared to other people ‘s work [11,49,51,52].

Previously, our group has hypothesized that the Sa of phosphors is
negatively related to the central asymmetry of Eu>* and that the peak Sr
value is more inclined to a suitable ionic center asymmetry. Therefore,
the relationship between R value and temperature of CaM004:0.09Eu>*
and BaM004:0.03Eu®" phosphors is plotted (Fig. 11). Clearly, in this
study, the Sa of the two phosphors is negatively related to Eu>* central
asymmetry. The R values corresponding to the peak Sr value of
CaMo004:0.09Eut phosphor are 6.02 and 5.37, respectively. In other
words, the peak Sr value is more inclined to a suitable ionic center
asymmetry, and the R value corresponding to the peak Sr value of
BaMo00,:0.03Eu®* phosphor is 3.12 (within the monitoring temperature
range). The above conclusions are consistent with those reported in our
previous study [19]. In addition, with the increase in temperature, the R
value of CaMo004:0.09Eu>" phosphor increases first and then decreases,
possibly related to the abnormal thermal quenching, because the vari-
ation tendency of R value of Eu®* with temperature is basically consis-
tent with its emission intensity, and the 5D0—>7F2 transition dominates
the Eu" emission. The increase in the Eu®* central asymmetry may be
attributed to the increase in the defect concentration caused by heating,
as this will lead to more significant lattice distortion [42].

4. Conclusion

In this study, a range of AMoO4:Eu3+ (A = Ca and Ba) optical ther-
mometers based on FIR with a pair of NTCL as well as ET effect were
designed and synthesized. Their crystal structures, luminescent behav-
iors, temperature measurement sensitivities, and influencing factors
were examined in detail. These phosphors exhibited excitation at
wavelengths of 309 and 291 nm, respectively, with clearly observed host
emissions and characteristic emissions of Eu*. The CQ of CaMoO4:
xEu®t phosphor at x = 0.18 is attributed to the d-d interaction and
exchange interaction, while CQ does not occur in BaMoO4:Eu®* phos-
phor. In addition, since the 5D0—>7F2 transition almost dominates Eu®"
emission, the variation of Eu>" emission intensity, ET efficiency, and the
R value with Eu®" content are nearly consistent. Then, temperature-
dependent PL emission spectra of representative CaMo0O4:0.09Eu>"
and BaMo00,4:0.03Eu®* phosphor were recorded. The former exhibited
abnormal thermal quenching, and the emission intensities of Eu>* were
154.52% (423 K) and 98.77% (573 K) of the emission intensity at room
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temperature, indicative of good thermal stability. In addition, the pos-
sibility of using these two phosphors as luminescent thermometers was
investigated: these phosphors exhibited good temperature sensing per-
formance. The former exhibits two peak Sa (1.28 %K’l, 1.39 %K’l) and
Sr(1.21 %K1, 1.20 %K 1) values, respectively, while the latter exhibits
peak Sa and Sr values of 12.39 %K™ ! and 0.89 %K !, respectively.
Finally, the effect of the Eu®" central asymmetry on temperature mea-
surement sensitivity of optical thermometers was investigated. The Sa
value was negatively related to the Eu®>" central asymmetry, while the Sr
value was more inclined to the appropriate ionic center asymmetry.
Based on the above results, the AM004:Eu3+ (A = Ca and Ba) phosphors
were confirmed to be used as optical thermometers.
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