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Multifunctional optical thermometry using dual-
mode green emission of CaZrOz:Er/Yb/Mo

perovskite phosphors

Hoang Tuan Nam,? Phuong Dinh Tam,® Nguyen Van Hai°® and Hoang Nhu Van & *@

The weak emission intensity of rare-earth element-doped dual-mode materials leads to low-sensor
sensitivity, which is a challenge in optical sensor applications. The present work achieved high-sensor
sensitivity and high green color purity based on the intense green dual-mode emission of Er/Yb/Mo-
doped CaZrOs perovskite phosphors. Their structure, morphology, luminescent properties, and optical
temperature sensing properties have been investigated in detail. Phosphor shows a uniform cubic

morphology with an average size of approximately 1 um. Rietveld refinement confirms the formation of
single-phase orthorhombic CaZrOs. Under the excitation of 975 and 379 nm, the phosphor emits pure
green up and down-conversion (UC and DC) emission at 525/546 nm corresponding to 2Hy1/2/*S3/0=115/2
transitions of Er®* ions, respectively. Intense green UC emissions were achieved because of energy

transfer (ET) from the high-energy excited state of Yb®>*—MoQ4>~ dimer to the “F;, level of Er** ion.

Furthermore, the decay kinetics of all obtained phosphors confirmed ET efficiency from Yb®*—MoO,2~

dimer to Er®* ions, leading to strong green DC emission. Moreover, the DC of the obtained phosphor
shows that a sensor sensitivity value of 0.697% K™ at 303 K is higher than the UC (0.667% K™* at 313 K)
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because the thermal effect generated by the DC excitation source light is ignored compared with UC

luminescence. CaZrOs:Er—Yb—Mo phosphor shows intense green dual-mode emission with high green

DOI: 10.1039/d3ra02759g
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1. Introduction

Temperature is an essential physical parameter in science and
daily life; thus, the accurate measurement of temperature is
critical.> However, conventional contact temperature
measurement using liquid-filled glass thermometers and ther-
mocouples has many disadvantages, such as low sensitivity,
limitation in response time, and inability to measure under
harsh conditions (such as high temperature, strong acids, and
strong magnetic fields).>* Thus, the temperature sensor appli-
cation of this method is hindered.®> At present, non-contact
temperature measurement methods via optical temperature
sensors based on temperature-dependent up and down-
conversion (UC and DC) emission intensity are widely used
because they could overcome the limitations of conventional
contact temperature measurement.>® Accordingly,
parameters of rare-earth (RE) element-doped phosphors, such
as emission intensity, lifetime, and peak shift, depend on
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color purity, 96.50% of DC and 98% of UC emissions, and high sensitivity, making it suitable for
optoelectronic devices and thermal sensor applications.

temperature,” which is used for determining temperature
sensing sensitivity.”® Notably, the fluorescence intensity ratio
(FIR) based on the emission spectra of the phosphor is widely
used to estimate the sensor characteristics of phosphors. This
technique is performed by observing the changing intensity
emission of two thermally coupled levels of RE ions with an
energy gap from 200 to 2000 cm™".® The FIR is independent of
an activator, spectrum losses, and fluctuation in excitation
intensity.® Therefore, this method has good measurement
accuracy, high resolution, and broad range, and it requires low
excitation power, leading to high reliability.>'® However,
previous literature reports only explore the sensor sensitivity of
a single UC or DC material instead of both. In addition, DC
emission shows that a thermal effect generated by the excitation
light could be ignored, resulting in high sensor sensitivity.®
Therefore, investigating the sensor sensitivity based on UC and
DC emissions is necessary to extend the application of
phosphors.

Er*" ion is a widely used activator for UC/DC luminescent
materials. It has an energy gap between *Hyy/, and *Sy), levels of
approximately 800 cm™ ', indicating that it is suitable as
a luminescent center for phosphor-temperature sensor using
the FIR."""> However, due to small absorption cross-section in
the near-infrared band led to its low emission intensity."

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Previous works showed that weak UC emission intensity of
phosphors results in low sensor sensitivity, which could not be
suitable for temperature sensor applications.”'* Recently,
researchers have achieved good temperature sensing properties
based on a selective enhancement of green UC emission using
a sensitizer pair as Yb*'-transition metal (TM) to activate
Er**.1%1% Energy transfer at a high-energy excitation state of the
Yb**-TM ion pairs to the *F,, level of Er** could reduce non-
radiative transition and improve UC efficiency and sensor
sensitivity. B. Dong et al. have reported that high-temperature
sensor sensitivity was achieved by using Yb**-Mo0,>~ dimer
sensitizer to activate Er** on Yb;Al;0y, (ref. 17) and Al,O; (ref.
16) host lattices. Meanwhile, X. Yang et al.'® have observed an
intense green UC emission of Er-Yb-doped NaY(MoO,), phos-
phor with good temperature sensing properties, thereby
causing ET from Yb**-MoO,>” dimer to Er*. Besides, the
Mo0O,>~ groups (obtained by Mo®" doped host) have a high
absorption cross-section at the UV region; thus, they can
strongly absorb radiation in this region and transfer energy to
the RE doping ion, resulting in an improvement in the RE ion's
emission efficiency.!® Furthermore, the presence of the Mo®" ion
in the host lattice leads to a decrease in the lattice symmetry and
enhances stark energy splitting in the crystal field because they
have a short radius and large electric charge, enabling
a powerful polarization effect.*® Most recently, our previous
works explored the super enhancement of green UC emission by
using the Yb**-Mo00,>~ dimer sensitizer for Er** ion on HA/TCP
(650 times)** and HA (70 times),** thereby achieving good
temperature sensing properties in BCP host.>® Based on
previous works, the strong green UC emission of phosphors can
be achieved by using Er-Yb-Mo tri-doped systems, leading to
the enhancement of sensing sensitivity.">** Furthermore,
several works"***** have observed that temperature sensitivity
depends on the host lattice.

Oxides are widely used for luminescent hosts because of
their excellent properties, such as low phonon energy, high
thermal stability, and wide-range transparency.” The perovskite-
type oxide CaZrO; has an orthorhombic structure with space
group Pbnm, and it has received considerable attention as a host
material because of its excellent physical-chemical proper-
ties.”>*¢ It has relatively low phonon energy, resulting in reduced
non-radiative transition, thereby enhancing UC and DC effi-
ciency. A. Khan et al.*” successfully prepared Dy*'/Eu**/Mo®'-
doped CaZrO; for white light emission through a solid-state
reaction at 1200 °C for 6 h. V. Singh et al*® reported the
intense green and red UC emission of Er-Yb-doped CaZrO; by
solution combustion. A. Maurya et al.*® investigated the effect of
alkali ions on optical properties, and the temperature sensing
efficiency of Er-Yb-doped CaZrO; was prepared by a solid-state
reaction. They found that the enhancement of UC emission of
the systems by adding alkali ions was caused by a change in the
local crystal field and an increase the crystallinity of the ob-
tained phosphors. The RE-doped CaZrO; host lattice was
successfully prepared in previous works.***' However, to our
knowledge, the intense green UC and DC emission of
CaZrO;:Er/Yb/Mo phosphor with good optical temperature
sensing properties has yet to be well documented.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Labels of all investigated samples

Materials Mo®" content (mol%) Label
1Er-10Yb doped CaZrO; 0 S0
1Mo-1Er-10Yb doped CaZrO; 1 S1
3Mo-1Er-10Yb doped CaZrO; 3 S3
5Mo-1Er-10Yb doped CaZrO; 5 S5
8Mo-1Er-10Yb doped CaZrO; 8 S8

Herein, CaZrOj;:Er/Yb/Mo microstructure phosphors with
good sensor sensitivity are synthesized via a solid-state reaction.
Their structure, morphology, and optical property were inves-
tigated in detail. The optical temperature sensing was charac-
terized using the FIR. Their characteristics were analyzed using
X-ray diffraction (XRD), high-resolution scanning electron
microscopy (FE-SEM), photoluminescence (PL), and FIR.

2. Experimental

1% Er, 10% Yb, and x% Mo (x =0, 1, 3, 5, and 8% mol) co-doped
CaZrO; phosphors were prepared through a solid-state reaction.
Er(NO;);-5H,0  (99.99%),  Yb(NO;);-5H,0  (99.99%),
(NH,4)6M0,0,4 (99.9%), ZrO, (99.9%), and CaCOj; (99.9%) were
utilized as precursors. The precursors were ground using an
agate mortar for 1 h and then treated at 500 °C for 5 h. Next, the
powder mixture was ground again for 1 h and incubated at 900 ©
C for 5 h. Finally, the homogeneous powders were further
calcined at 1300 °C for 5 h. All investigated samples were
labeled (Table 1).

Their structural property was characterized using an X-ray
diffractometer (Bruker D8 Advance). Their morphological
property was analyzed using high-resolution scanning electron
microscopy (JEM 1010, JEOL Technique, Japan). Diffuse reflec-
tance spectra were recorded using a Varian Cary 5000 UV-vis-
NIR spectrophotometer. The luminescence properties of UC
and DC were recorded using a NANO LOG spectrometer
(Horiba, USA) equipped with a 975 nm laser radiation source
and heat controller. The Rietveld refinement structure of
phosphors was obtained using FullProf software.

3. Results and discussion

3.1. XRD analysis

Fig. 1a shows the XRD pattern of all investigated samples
CaZrO;:Er-Yb without and with Mo-doped. Diffraction peaks of
all patterns match well with the standard card (PDF # 00-061-
0228) of orthorhombic single-phase CaZrO; with a Phnm space
group. Their intensity is sharp and strong, which indicates the
high crystallinity of phosphors. Moreover, diffraction peaks
intensity tends to increase with rise of Mo®" doping content up
to 3% mol, then slight decrease with higher Mo®" content.
These results confirm the presence of Mo®" ion influency on
structure and crystallinity of the host lattice. The structure of
orthorhombic CaZrO; includes CaOg polyhedra and ZrOg octa-
hedra, with the following lattice parameters (Fig. 1b): a = 5.60 A,

RSC Adv, 2023, 13, 14660-14674 | 14661
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Fig. 1
structure of the typical samples SO and S3.

Table 2 Lattice parameters from Rietveld refinement of samples SO
and S3¢

Parameter CaZrO3:Er-Yb CaZrO3z:Er-Yb-Mo
Space group Pbnm Pbnm
Symmetry Orthorhombic Orthorhombic
a, A 5.5948 5.5938

b, A 5.7554 5.7556

c, A 8.0190 8.0170

v, A® 258.2139 258.1129

Rexp (%) 4.65 4.65

R, (%) 6.20 6.08

Ryp (%) 7.58 7.06

GOF 2.65 2.30

* GOF = (Rwp/Rexp)’-

b =5.75 A, and ¢ = 8.01 A. On the other hand, according to A.
Khan et al.,” the difference in ionic radii between doped and
substituted ions with an acceptable percentage was lower than

14662 | RSC Adv, 2023, 13, 14660-14674

(@) XRD pattern of all investigated samples; (b) crystal structure of CaZrO3z from Rietveld refinement; (c) and (d) Rietveld refinement

30%. In this case, the radius percentage (D,) between the doped
ions (Er**, Yb®", and Mo®") and the substituted ions (Ca** and
zr*) in Ca;_, yZr; ,O5:xEr’’, yYb*', zMo®" was determined
using eqn (1):*73*

_ R(CN) = Ry(CN)

be = =N ()

where CN = 6 is the coordination number of the resulted ions.
R4(CN) and R4(CN) are radius of the substituted and dopant
ions, respectively. The ionic radius values such as Er*" (0.89 A),
Yb** (0.87 A), Mo®* (0.60 A),>* zr** (0.72 A), and Ca** (0.99 A) can
be taken from the literature.>” According to eqn (1), the D, values
were calculated to be D(Er**/Ca®") 10%, D,(Yb**/Ca®>*) 12%, and
D(Mo°"/Zr*") 17%. In contrast, the D,(Mo®*/Ca*") value is 39.4%
that is much higher than 30%. Therefore, these results indicate
that Er** and Yb*" are substitute Ca®" sites. Meanwhile, Mo®" is
substitute Zr*" sites, which agree with the Rietveld refinement
result in Table 2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FE-SEM images of (a) SO and (b) S3 (scale bar of 1 um), (c) EDS spectra, and (d) element percentage of the investigated sample S3.

Furthermore, to confirm the influence of Mo®* doped in the
crystal structure of the material, the Rietveld refinement of the
typical two samples (SO and S3) was performed using the stan-
dard card PDF # 00-061-0228 as references (Fig. 1c and d). As
shown in Fig. 1c and d, the experimental result is consistent
with the calculated results, indicating the reliability of the
refinement technique, and all refinement parameters (as atom
coordinates, fraction factors, and thermal vibration) are
consistent with the reflection condition.** As shown in Table 2,
the change in lattice parameters (a, ¢, and V) of sample S3
compared with sample SO confirms the successful replacement
of Mo®" for Zr*" sites into the host lattice. In addition, impurity
phases were not observed in all samples, indicating the
successful synthesis of the resulting phosphors.

3.2. SEM and EDS analysis

Fig. 2a and b show FE-SEM images of samples SO and S3. All
samples show a cubic grain morphology with a uniform distri-
bution and clear grain boundary. The sample SO exhibits a grain
size of approximately 1.2 pm (Fig. 2a), whereas the doped
sample (S3) is approximately 1 um (Fig. 2b), which is due to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Diffuse reflectance spectra of investigated samples SO, S1, S3,
and S8.
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substitution of small ionic radius (Mo®", 0.6 A) for larger ionic
radius (Zr*", 0.72 A).>” Meanwhile, Fig. 2c shows resulting peaks
corresponding to Ca, O, Zr, Er, Yb, and Mo with element
percentage (Fig. 2d) from elemental analysis of the EDS spec-
trum, indicating the presence of Er, Yb, and Mo doped in
CaZrO; host lattice. In addition, as shown in Fig. 2c and d, other
impure chemical elements were not observed, indicating the
high purity of the investigated phosphors in this work. These
results indicate the high crystallinity degree of resulting phos-
phor, which is consistent with the XRD results shown in Fig. 1a,
leading to the improvement of UC efficiency of the phosphor.

3.3. Optical characteristics

3.3.1. DRS spectral measurements. Fig. 3 shows the diffuse
reflectance spectra of samples SO, S1, S3, and S8. As shown in
Fig. 3, broad absorption bands from 230 to 350 nm are attributed
to the 0> -Er**/Yb**/Mo®" charge transfer band.* Significantly,
these absorption band intensity increases with the rise of Mo®*
doping content due to the covalency of the Mo-O bond being
higher than that of the Zr-O bond because of the difference in

View Article Online

Paper

electronegativity between the Mo®" (2.16) and the Zr** (1.4),*
which confirms the presence of Mo®" ion in the host. It can be
seen in Fig. 3 typical sharp absorption bands such as 380, 492,
524, 546, 660, and 805 nm correspond to transitions from the
52 level t0 *Gy1/2, “Fy, “Huasa, *Sa/2, *Fopa, and I, levels of Er**
ion. Meanwhile, the broad absorption band at NIR (around
975 nm) corresponded to an overlap between the °F,,~°Fs),
transition of Yb*" ions and the *I,5,,—*1,,, transition of Er** ions.
These results confirm the successful introduction of Er**
and Yb*" ions into the CaZrO; host lattice. Significantly,
the absorption peaks of doped samples (S1, S3, and S8) are
blue shifted compared with the undoped sample (S0), which is
due to the difference between the ionic radius of the dopant and
the host cation,* indicating the presence of Mo®* dopant ions on
the host lattice and leading to the formation of Yb**-Mo0,*"
dimers in the system. These results supported the proposed
energy level diagram of the Er-Yb-Mo-doped CaZrO; phosphor
(Fig. 6).

3.3.2. UC luminescence properties. Fig. 4a shows UC
emission spectra of all samples doped with various Mo®" contents.
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Fig. 4 (a) UC spectra of all samples with various Mo®* content doping, (b) CIE chromaticity coordinates of all UC emission samples, (c) UC
emission intensity of all samples as a function of Mo®* doping content, and (d) Is46/l660 intensity ratio of all samples.
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Table 3 The CIE chromaticity coordinates and color purity of different
samples

Color purity

Samples Chromaticity coordinates (x, y) (%)

SO (0.2835, 0.6964) 93.11
S1 (0.2809, 0.7012) 94.41
S3 (0.2743, 0.7084) 96.50
S5 (0.2722, 0.7076) 96.35
S8 (0.2721, 0.7070) 96.21

As shown in Fig. 4a, under excitation of 975 nm, all samples
exhibit two typical emission bands: (i) strong green emission
bands at 525/546 nm are attributed to the *Hyq,5/*I5/,~"1;5/, tran-
sition of Er** ion; (ii) the weak red emission band at 660 nm is due
to the *F,,,—"1,5), transition of Er’* ion. Green and red emission
intensities depend on the Mo®" doping content and reach the
maximum intensity of 3% mol Mo®" (Fig. 4c). By adding Mo®" ion
into the system, the green emission intensity of the phosphor has
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been enhanced up to fourfold. The energy transfer effectively
process from the high-energy excited state (|°Fy., °T,)) of the
Yb**-Mo0,>~ dimer to the *F, level of the Er*" ion is responsible
for the strong green emission of phosphors.’*?**%” When Mo®*
doping content is higher than 3% mol, the UC emission intensity
decreases because of the energy migration between Yb**-Mo0O,*~
dimers*?* and between the MoO,>~ groups as a donor in the
energy transfer process.*® On the contrary, the weak absorption
cross-section of the “I,;, state of the Er** ions led to weak red
emission intensities. Moreover, the dominant UC ET process
leads to the transfer of electrons from the “I,;, level to the *F5,
level, which is higher than that of non-radiative relaxation to the
1,3, level formation of weak red emission (Fig. 6). Furthermore,
the green/red (Iss6/lsso) intensity ratio of all samples increased
with enhanced Mo®" doping content, indicating remarkable
control-enhanced green emission using Mo®" doping ions
(Fig. 4d).
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(b) —200 mW
—300 mW
400 mW
—500 mW
5 600 mW
g
£
wn
=
2
=
L]
e '“-"""I“'-v“ - : 3 — ‘-;T:‘—“;?;V"'V’rm:‘.-—"
450 500 550 600 650 700
Wavelength (nm)
(d) 525 nm, n =1.94
546 nm, n = 1.84
_ A 660 nm, n=1.42
3
g /
.é} b
»n
=
S
=
=
o0
e
-
23 24 2.5 2.6 2.7 2.8
Log[P(mW)]

Fig.5 Emission intensity-dependent excitation power of the samples SO (a) and S3 (b) and the log—-log plots of green/red emission as a function

of the power of the samples SO (c) and S3 (d).
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calculated from their emission spectra presented in Fig. 4b. In
this case, the obtained values of all samples are displayed in
Table 3. As shown in Table 3, the chromaticity coordinates value
of the S3 sample (0.2743, 0.7084) is close to the standard green
chromaticity coordinated for the National Television Standard
Committee (NTSC) system.* Significantly, the color purity of
the green light emission phosphors in this work was calculated
using eqn (2):*

\/(x —x) + -n)

(xa = %)+ (va — i)’

Color purity = x 100%

(2)

where (x, y) present the color coordinates of samples; x; =
0.3333 and y; = 0.3333 correspond to the color coordinate of the
white light source; (x4, y4) means the color coordinates of the
dominant wavelength.* Putting these values (x, y), (x;, i), and
(x4, ya) into eqn (2), the color purity of resulted samples is
exhibited in Table 3. Notably, the color purity of samples
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increased with enhanced Mo®" doping content and reached
a maximum value of 96.50% (S3 sample), indicating pure green
light emission. This result suggests the potential application of
phosphor for optoelectronic devices. Consequently, the S3
sample with the highest emission intensity was selected to
analyze the temperature sensor properties.

3.3.3. UC emission mechanism. The intense green UC
emission mechanism (SO and S3 samples) of the obtained
phosphor can be explained through the relationship between
the emission intensity (I) and excitation power (P) as* I « P",
where 7 is the number of photons absorbed for emitter UC.
Fig. 5a and b show that I increase rapidly with the increase of P
from 200 to 600 mW of the two samples (SO and S3). In sample
SO (Fig. 5¢), the slope values (n) are 1.48/1.68 and 1.52, corre-
sponding to the *Hyy//*I3,—"L;5/> (green) and *F,,—*1;5/, (red)
transitions, respectively. In sample S3, the corresponding
slopes are 1.94/1.84 and 1.42 (Fig. 5d). These results indicate the
two-photon process for green/red emissions of the two obtained
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samples. Significantly, the n values corresponding to the green thereby enhancing green UC emission. This result was further
emission of sample S3 are higher than that of the SO sample. By used to build the energy level diagram and explain the UC
contrast, the n value of red emission is low, which confirms the emission mechanism (Fig. 6).

effective ET from the Yb*'-MoO,>~ dimer to the Er’*" ions,
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Fig. 7 (a) Green/red emission spectra of the S3 sample measured from 313 K to 523 K, (b) comparison of green emission of the S3 sample at
several temperatures, (c) greed/red emission intensity as a function of temperature, (d) the relationship between the In(FIR) value and inverse
absolute temperature, (e) the sensitivity (absolute and relative) value of the sample using the FIR, and (f) the relationship between calculated and
experimental temperature.
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3.3.4. Energy level diagram of UC and DC green emission
of Er-Yb-Mo tri-doped CaZrO; phosphor. In understanding the
selective enhancement of green UC emission, the energy level
diagram of the CZO:Er-Yb-Mo system is schematically
explained in Fig. 6. The intense green UC emission (in the S3) of
the system can be discussed using three main processes:
ground-state absorption (GSA), excited-state absorption (ESA),
and ET.** For doped samples, GSA, ESA, and ET are responsible
for the sensitizer of the Yb**-Mo0O,>~ dimer. The dominant
green emission of CaZrO;:Er-Yb-Mo is proposed as follows:

> Step 1: the energy level of the Yb**-M00,> dimer, such as
|*F,/2, 'Aq) (ground state), |*Fs, "A;) (excited state), and |*F-,,
3Ty, PPz, °Ta), [PFoa, 'Th), [PFop, 'T,) (at highly excited state),
was obtained by mixing the electron wavefunctions of Yb*" and
Mo0,>".%

> Step 2: the electron at the initial state |*F5,,, 'A;) of the
Yb**-Mo00,>" dimer absorbs one photon, and it is excited to the
|*Fs/2, 'A,) level via GSA.

> Step 3: the electron at the |*Fs;, 'A;) level absorbs
a second photon, and then they are elevated to the |*F,,, 'T;)
level (high-energy excited state) by ESA. Given the unstable
|>F5, 'Ty) state, leading to the non-radiative relaxation of the
electron to the |*F;,,, °T,) state.

> Step 4: the electron at |*F,,,, °T,) state ET to “F, level
of Er*" and then relax NR down to two meta-stable levels,
*H,1,5/"S5/5. Next, most of the electrons in *Hy,,, and *S;,, levels
return to the ground-state *I;s;, producing intense green
emission (530/546 nm).

Meanwhile, the red emission is originally from the *F,;, NR
to the “Sy/, level. However, the *S;,, energy level is higher than
the “Fy/, level, leading to a few electrons from the *S;/, NR to the
*Fy,, level,”” causing red emission that is weaker (several orders
of magnitude) than green emission. These results are used to
explain the experimental evidence shown in Fig. 4a. Thus, the
proposed mechanism for the intense green UC emission is
suitable.

3.4. Optical temperature sensing characterization based on
UC emission

The potential application in temperature sensors of the phos-
phor was evaluated by determining the temperature-dependent
green UC emission of the S3 sample. The Er** ion has two
thermal coupled levels, *Hj;5/*S;/, with an energy gap of
approximately ~800 cm™'.** Thus, the thermal equilibrium
between these two levels can be achieved through thermal
excitation. Fig. 7a shows the UC emission of the S3 sample
under different temperatures ranging from 303 K to 523 K. The
emission intensities of samples decrease with the increase of
temperature. Notably, the emission intensity of the *S;/,~"1;5,
transition rapidly decreases. Meanwhile, the *Hy;,,~*1;5,, and
*F,,,-"115,, transitions slightly change, indicating the excellent
thermal stability of the phosphor.

Based on the FIR technique, the emission intensity ratio
corresponding to *Hyy,~"115/2/*S5/2—"1;5/> transitions was used
to estimate the optical temperature sensor characteristics of the
phosphor using eqn (3):*
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FIR — 125 _ 4o 2F 3)
546
where I5,5 and I5,¢ are the emission intensities corresponding to
the *Hyy/,—"115/2/*S52="115,2 transitions; A is a pre-exponential
constant; k = 0.6950348 cm ™' K™* is the Boltzmann constant;
T is the absolute temperature, and AE represents the energy gap
between the two-level thermal couple (*H,4/, and *S;,,). Eqn (4)
can be written by taking the natural logarithm on both sides of
eqn (3):
In(FIR) = —% lT+ In 4 (4)
AE and A parameters can be determined by using a simple
linear fit of eqn (4) based on the relationship between In(FIR)
and 1/T (Fig. 7d).

The correlation between the calculated temperature (using
the FIR) and the actual experimental temperature (read directly
from the thermal coupe) has been determined using eqn (5),*
which evaluates the reliability of the measurement, and results
are shown in Fig. 7f. Fig. 7f reveals that the calculated temper-
ature (green sphere) is consistent with the experimental
temperature (red line) because of the high correlation coeffi-
cient R = 0.999, indicating the reliability and accuracy of the
FIR.

O — o
"k InA-In(FIR)

Furthermore, the key parameters such as relative sensitivity
(Sp) and absolute sensitivity (S,) values can be estimated using
eqn (6) and (7), respectively, to evaluate the temperature sensing
performance of the resulting phosphor:*®*

1 d AE
= 7R a7 FIR) = o (6)
_ d(FIR) AE

Fig. 7e shows the maximum S, of 0.445% K ' at 303 K,
whereas S, was 0.667% K ' at 343 K. Moreover, the phosphor
shows high-intensity emission at high temperatures (523 K),
indicating its temperature stability and applicability at high
temperatures.

The sensor sensitivity of the material is compared with other
RE-doped phosphors to check its applicability (Table 4). As
shown in Table 4, the phosphor obtained in this work has
presented competitive results compared with other host lattices
such as phosphate,* fluoride,**** and oxide.*>'***3*> Further-
more, CaZrO;:Er-Yb-Mo phosphor shows a high sensitivity
temperature (0.667% K ') based on the operating temperature
range (303-523 K) that is prospective for temperature sensor
applications.

3.5. Downconversion luminescence properties

Fig. 8a displays the PL excitation spectra of typical samples SO
and S3. For two samples show the sharp absorption bands at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of the sensitivity sensor of our phosphor with other phosphor based on UC emission
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Sample St max (% K1) Sa max (% K) Temperature (K) References
SIWO,:Er, Yb — 1.498 300-518 4
BasYyZn,0,;:Er, Yb 0.39 1.36 293-563 5
NaBiF,:Er, Yb, Fe — 0.53 300-550 48
Li,Ti,O:Er, Yb 0.63 0.63 333-553 11
Oxyfluorotellurite glasses:Er, Yb 0.46 0.645 295-675 49
Sr;(PO,),:Er, Yb 0.70 0.88 303-623 50
ALO,:Er, Yb, Mo — 0.51 294-973 16
NaGdF,:Er, Yb, Fe 0.27 0.78 303-523 51
Er,_,Yb,O, — 0.45 298-473 52
CaZrO5:Er, Yb, Mo 0.445 0.667 303-523 This work
360 and 379 nm are assigned to the *I;5,~"Gy, and *I;5,~"G11;,  M0O,>~ group involving the charge transfer state transition

transitions of Er®*

ions. Meanwhile, the doped sample (S3)

shows a broad absorption band ranging from 250 to 300 nm

eak at 280 nm) corresponding to the 'A,->T, transition of
P P g

from O*>~ to Mo®",*® which disappears in the undoped sample

(S0). This result confirms the presence of Mo®*

ions in the host

lattice. Notably, the absorption band intensity of sample S3 is
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Fig. 8

(a) Excitation spectra of resulted samples, (b) down-conversion spectra of all investigated samples annealed at 1300 °C for 4 h in air and

inset of the figure is dependent DC emission intensity on Mo®* doping content, (c) CIE chromaticity coordinates of obtained phosphors, and (d)
decay curves of all samples by monitoring #Sz/>—*115,» transitions.
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higher than the SO sample, which could enhance the DC
emission intensity of studied phosphors. Under the excitation
of 379 nm, the phosphors show strong green DC emission, as
shown in Fig. 8b. All samples exhibited a strong green emission
at 530/546 nm and weak red emission at 660 nm, corresponding
to the Hy1/,—"115/2/*S3/o—"T15/» and *F5,,-'1;5, transitions of Er*"
ions, respectively. The emission intensity of all samples
increases with the enhancement of Mo®" doping, reaches
a maximum value with 3% mol Mo®’, and then decreases with
further Mo®" doping content (inset of Fig. 8b). Significantly, the
green emission intensity of sample S3 was six times higher than
that of sample S0. The intense green UC emission of phosphor
can be due to the ET from Yb**-Mo00,>~ dimer to Er*" ions,
which is similar to the enhancement mechanism of the UC
emission.”*** By contrast, the weak red emission may corre-
spond to the relatively small population in the *Foy, level of Er**
(Fig. 6). The quenching luminescence by further doping Mo®" is
due to cross-relaxation and ET in the Yb**-Mo0,>~ dimer.

Furthermore, the intensely green DC emission and weak red
DC emission can be explained as follows (Fig. 6):

View Article Online

Paper

> First, the *I,5/, ground state of Er** ions absorb a 379 nm
light excitation from the xenon lamp source and moves to the
*Gy1) level (Fig. 6).

> Next, most electrons of the G, 4, level NR to the H,,/,/*S;)»
level and then return to the “I;5, ground state to produce two
green emission bands. The intense green emission was achieved
because the NR process has the fastest multi-phonon relaxation
rate. Meanwhile, a few electrons are excited to the “I,y,, state
(intermediate state of red emission), resulting in an
impoverished electron population in the *Fy, level, indicating
fragile red emission intensity.

These results indicated that the behavior of UC and DC green
emission of the CaZrO;z;:Er-Yb-Mo phosphor was explained
based on the suitably proposed mechanism because of the
point of view of the electronic structure scale.

In addition, the decay curve of phosphor materials was
determined to explain the DC emission mechanism of the
system (including the luminescence process, type of occupancy
of the dopant ion in the host lattice sites, and characterization
of the luminescence center). Decay measurements of all inves-
tigated samples (SO, S1, S3, and S8) were performed using the

(a) —303K (C) 0.4 m Experimental data
— 323K 1 — Fitted line
343K 0.2
—363K
S 383K
g — 403K = 001
£ 423K =
£ — 443K = 0.2
= — 463K
- — 483K Ln(FIR) = 1.56 - 636.707/T
—503 K -0.44 Slope =-636.707
— 523K R’=0.998
: — o
500 600 650 700 0.0018 0.0021 0.0024 0.0027 0.0030 0.0033

Wavelength (nm)

/K (K™

(b) sram] ()R s pm—
. 525 nm n .\. -o- Absolute sensitivity |
546 nm ] >< .: -= Relative sensitivity
660 nm 0.401 0 | % \g 0.6
El -
s i
g ~%0.38+
£ S Ne
@ N \
£
3 e O\
= 0.36 N
]
u
N
0.34 4
300 330 360 390 420 450 480 510 540 300 350 400 450
Temperature (K) Temperature (K)

Fig. 9
In(FIR) and 1/T, (c) green and red emission intensities depend on temp
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(a) Photoluminescence excitation spectra of sample S3 with different temperatures ranging from 303 K to 523 K, (b) relationship between

erature, and (d) absolute and relative sensitivities of the phosphor.
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Table 5 Comparison of the sensitivity sensor of our phosphor with other phosphors based on down-conversion emission

Sample St max (% K1) Sa max (% K1) Temperature (K) References
Tellurite glass:Er — 0.85 313-713 57
Germanate glass:Er 0.66 — 453-713 57
NaGd(WO4)2:Er — 1.28 298-573 58
NaBiTiO;:Er — 0.23 80-440 59
SrGdFGazO5:Er — 1.06 10-430 60
CaZrO;:Er, Yb, Mo 0.697 0.417 303-523 This work

379 nm excitation and 546 nm emission, as shown in Fig. 8d.
The curve fitting technique can determine the lifetime of an
excited state from the decay curve, which can be written as
follows:**

y(t) = yo + A" (8)
where y(¢) and y, are the intensity at time ¢ and infinite time,
respectively; A is the weighting parameter, and 7 is the decay
component of Er*” into the host lattice. Our experimental data
are correctly fitted with a single exponential, indicating the
substitution of Er*" ions for Ca®" sites in the host lattice rather
than on the particle surface.”® The fitting results are shown in
Fig. 8d. The lifetime increases (from 118.17 to 167.04 ps) with
the increase of Mo®*-doped content (from 0 to 8% mol), con-
firming the efficient ET from the Yb**~-Mo00,>~ dimer to Er**
ions. A similar phenomenon has also been observed in previous
works.>*

Additionally, the CIE chromaticity coordinates of DC emis-
sion samples with different Mo®* doping contents were calcu-
lated, as shown in Fig. 8c. Notably, chromaticity coordinates (x,
y) of the DC phosphors are most close to pure green emission.
By accepting these values into eqn (2), the color purity of all
samples was estimated and reached a maximum value of 98%
(S3 sample), indicating the high pure green light emission of
the obtained phosphor. Overall, the high color purity and long
lifetime of the UC and DC phosphor suggest that it is suitable as
a candidate material for optoelectronic devices.

3.6. Optical temperature sensing based on DC emission

Down-conversion emission intensities of sample S3 depending
on the temperature were also investigated to estimate the
temperature sensing characteristics of the phosphor, as shown
in Fig. 9a. Notably, the *Hy/,~"1,5/, transition intensity slightly
increases with the increase of temperature. By contrast, the
S5/,="1;5), transition intensity significantly decreases from 303
K to 525 K (Fig. 9b). The emission intensity of the phosphor
decreases with the increase of temperatures because of the
thermal quenching effect.®* Moreover, the emission intensity of
the phosphor at 523 K was 54% compared with 303 K, indi-
cating the good thermal stability of the phosphor.
Furthermore, using eqn (4) and (5), the relationship of
In(FIR) versus 1/T was determined (Fig. 9¢). The fitting results
shown in Fig. 9c indicate that the slope value is —636.707,
corresponding to the AE/k value. In addition, the absolute and
relative sensitivity was calculated using eqn (6) and (7) (Fig. 9d).

© 2023 The Author(s). Published by the Royal Society of Chemistry

The absolute (S,) and relative sensitivity (S,) maximum were
0.417% K" at 323 Kand 0.697% K" at 303 K. Table 5 shows the
comparison of temperature sensitivity in this work and other
phosphor reported in the literature.>-*° As shown in Table 4, the
CaZrOz:Er-Yb-Mo phosphor in this work has presented
a competitive result. In particular, the S, maximum value of the
DC emission is higher than the UC emission because the
thermal effect generated by the DC excitation source light was
ignored. Therefore, the high sensing sensitivity of DC phosphor
was achieved, thereby extending material's application.

4. Conclusion

The structure, morphology, and luminescent behavior of the
CaZrO;:Er-Yb-Mo phosphor were investigated in detail to
explore their temperature sensor properties. The XRD and
Rietveld refinement confirmed the formation of the ortho-
rhombic single-phase CaZrO; with a high crystallinity degree.
SEM images show a uniform cubic morphology with an average
size of approximately 1 um. The strong green UC and DC
emission of the phosphor was achieved under excitation of 975
and 379 nm. Consequently, the green UC and DC emission
intensities of the doped sample were increased four and sixfold,
respectively, compared with the undoped sample. The ET from
the high-energy excited state of the Yb**-Mo0O,>~ dimer to the
“F,,, level of Er*" is responsible for the enhancement of green
UC and DC emissions, which is further confirmed by decay
kinetics based on the DC emission of the phosphors. Addi-
tionally, the phosphor showed high green color purity, 96.50%
of UC emission, and 98% of DC emission. Furthermore, the
sensor sensitivity value based on DC emission was more than
that of UC emission because the thermal effect generated by the
DC excitation source light was ignored, thereby extending the
application potential of the material. These results indicate that
the CaZrO;:Er-Yb-Mo phosphor is an efficient down and up-
conversion luminescent material suitable for optoelectronic
integrated devices and thermal sensor applications.
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