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Optical thermometry is a valuable non-contact technique for temperature measurement, especially in
environments where traditional methods are impractical. Despite its advantages, enhancing the precision
of optical thermometers remains a significant challenge. In this study, we explored the thermometric
properties of Na,SrP,O; phosphors co-doped with Er**/Yb®*, synthesized via a solid-state reaction
method, for temperature sensing within the 200-440 K range under 980 nm excitation. Upconversion
(UC) luminescence, observed in the visible spectrum, was analyzed using the fluorescence intensity ratio
(FIR) method, focusing on both thermally coupled (TCLs) and non-thermally coupled (NTCLs) energy
levels of Er¥*/Yb>*. Specifically, the transitions 2Hiyo — “lisj *Ss2 = lisj, and *Fop — *lisjn were
examined to calculate thermometric parameters. The maximum absolute sensitivity (Sp) and relative
sensitivity (Sg) for the 2Hyo — s to %Sz, — *lisn transition were 0.0009 K™t and 0.6% K2,
respectively, while for the 2Hyyo — #lis/o to *Fon — *lys/» transition, S was 0.004 K™%, with a maximum
Sg of 1.14% K. Furthermore, by employing a luminescence intensity ratio technique based on TCLs
(LIRTc), the minimum temperature uncertainty (87) was found to be 1.31 K at 320 K. In contrast, the
luminescence intensity ratio method based on NTCLs (LIRNtcp) yielded a much lower minimum 3T value
of 0.34 K at 200 K, indicating superior performance in terms of temperature resolution. These findings
demonstrate that the LIRytcL technique provides more sensitive and accurate temperature measurement
compared to LIRyc. The excellent temperature resolution and sensitivity of Na,SrP,05:Ert/Yp3*
phosphors highlight their potential for highly accurate optical thermometry applications in scientific and
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capability, non-invasive  operation and  high-spatial
resolution.®® Essentially, there are three commonly used tech-
niques for temperature sensing using thermographic phos-
phors: the peak intensity ratio, lifetime and rise time of

1. Introduction

Temperature, as an important physical parameter, has signifi-
cant impacts on many physical, chemical, and biological

processes.”* Traditional temperature measuring devices, such
as thermometers and thermocouples, which are limited by
response time and spatial resolution, are no longer applicable.
In the last few years, non-contact sensing techniques have
attracted great attention. These new technologies exhibit some
advantages, such as remote operation, safety and high
sensitivity.>® Among the non-contact temperature sensing
technologies, luminescence thermometry has attracted signifi-
cant attention because of its advantages of rapid response
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luminescence. Indeed, the luminescence intensity ratio (LIR) is
the most commonly used temperature sensing method. The LIR
is determined by measuring optical emission intensity varia-
tions from thermally coupled transitions at different tempera-
tures. LIR technology is based on changes in emission intensity
ratios caused by temperature variations. These ratios can either
reflect the interaction between two thermally coupled levels of
a single lanthanide ion or emissions from several different
lanthanide ions.”™ Generally, the presence of two closely
spaced states with a gap smaller than 2000 cm ™" is considered
the condition for thermal coupling of transitions to occur. In
this case, the LIR curve is typically fitted if both the states share
the electronic population according to Boltzmann distribu-
tion."” However, because of the small energy gap and spectral
overlapping, TCL-based optical thermometers suffer from low
sensitivity and a narrow temperature range, limiting their
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practical use.*** LIR methods based on non-thermally coupled
levels (NTCLs) can be used to avoid the above problems because
the emission bands of two luminescent center ions do not
overlap. Thus, the discovery of alternative luminescent mate-
rials suitable for temperature sensing is an important goal to
achieve optical thermometry that operates over a wide temper-
ature range with high sensitivity using the LIR of NTCLs.*>*¢

Luminescence centers and host matrixes are two significant
factors for efficient UC emission, which is widely used for
optical temperature measurement. Rare-earth (RE) ions are
considered the best candidates for luminescence centers owing
to their abundant energy levels and high conversion efficiency.
Different RE ions have been studied for temperature sensing,
such as Er’*, Tm*", Dy*", Ho**, and Nd*"."” From these, Er’" is
one of the most efficient activators because of its strong green
up-conversion luminescence. Nevertheless, an Er** ion single-
doped phosphor material exhibits low up-conversion effi-
ciency due to its small absorption cross section. Simulta-
neously, to enhance green emission intensity, Yb** can be used
as a sensitizer for its large absorption cross section over the
near-infrared region. Yb** is also able to transport its energy to
the activator ion via an excited-state absorption route. Thus, co-
doping Yb*" and Er’* has become the preferred rare earth
combination in temperature-sensitive application.*®*>*

Active research is highly sought after to develop new inor-
ganic phosphor materials with better temperature-sensing
properties. Currently, phosphates are widely used as host
materials considering their high emission efficiency; excellent
thermal, mechanical and chemical stability; and better color
rendering index. These properties make them ideal for a wide
range of display devices and highlight their potential for use in
white light-emitting diodes (WLEDs).*® Different phosphors
derived from inorganic phosphates have been investigated as
effective luminescence materials for displays>° and optical
thermometry.'***3*> To date, the UC luminescence properties
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and optical thermometry of Er**/Yb*" co-doped Na,SrP,0, have
never been investigated.

In the present paper, an Na,SrP,0, (NSPO) host matrix co-
doped with Er**/Yb®* were prepared via the solid-state reac-
tion method. The dependency of Yb®" concentration and laser
power on the UC luminescence characteristics of Er** and Yb**
ions under 980 nm excitation were studied. The energy transfer
mechanisms between Yb®" and Er’* ions were also investigated.
Moreover, LIR thermometry based on TCLs and NTCLs of the
nanorods was analyzed.

2.

2.1.

Experimental

Sample preparation

The pyrophosphate Na,SrP,0,:2%Er** x%Yb** (x = 3, 5, 10, and
15% mol) was prepared using the conventional solid-state
reaction method. This involved mixing sodium carbonate
(Na,CO;), strontium carbonate (SrCO;), di-ammonium
hydrogen phosphate (NH,),HPO,, erbium oxide (Er,O3), and
ytterbium oxide (Yb,Oj3). Initially, the mixtures were carefully
ground together into fine powder with an agate mortar and then
progressively heated up to 300 °C to evacuate ammonia and
water. The resulting powders were shaped into cylindrical
pellets to promote condensation. The samples were then sin-
tered at 700 °C for 12 h in an air atmosphere with a heating rate
of 5 °C min~" before cooling down to room temperature.

2.2. Characterization tools

XRD measurements were performed in grazing incidence using
SIEMENS -D8-6/26 with a Cu Ko X-ray source (A = 0.15418 nm) at
glancing angles between 10° and 70°. The Fourier transform
infrared (FT-IR) spectrum for the title compound was recorded
at room temperature on a PerkinElmer Spectrum 1000 FT-IR
spectrometer in the range 400-4000 cm ‘. UC emission

spectra were carefully analyzed using a PerkinElmer Lambda
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(a) X-ray powder diffraction patterns and (b) XRD Rietveld refinements of NSPO:2%Er x%Yb (x = 3, 5, 10, and 15).
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365 spectrometer. For the dependent temperature, the sample
was placed in a cryostat, and its photoluminescence (PL) spectra
were measured with a Horiba-Jobin Yvon HR 320 spectrometer
with a 980 nm laser excitation source.

3. Results and discussion

3.1. X-ray diffraction study

The X-ray diffraction patterns of NSPO:2%Er,x%Yb (x = 3, 5, 10,
and 15) are shown in Fig. 1a. The intensity and position of the
diffraction peaks of the four samples are almost the same. In
order to verify phase purity, the Rietveld refinement XRD
patterns of different samples were obtained using Rietveld
refinement (Fig. 1b). There are no impurity peaks between the
experimental patterns and the calculated data. The refinement
results reveal that the NSPO:Er,Yb compound crystallizes in the
orthorhombic system with the Pnma space group, and lattice
parameters presented in Table 1 are in agreement with those
reported in the literature.*

3.2. FTIR studies

Fig. 2 shows the infrared spectrum of the NSPO:2%Er,15%Yb
sample recorded at room temperature in the range of 1400-
400 cm ™. Band assignments were obtained by comparing the
observed peaks with those of similar compounds reported in
the literature.>»** The primary vibrational modes in the spec-
trum are attributed to the internal modes of the P,0O, group,
particularly the characteristic vibrations of PO; groups and
P-O-P bridging bonds.

Table 1 Unit cell parameters of NSPO:2%Er x%Yb

x a (&) b (&) ¢ (&) v (&%)
3 8.908 5.408 13.092 630.714
5 8.917 5.414 13.104 632.672
10 8.918 5.406 13.009 631.358
15 8.919 5.401 13.117 631.819
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Fig. 2 FTIR spectrum of NSPO:2%Er,15%Yb.
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Specifically, bands in the range 1212-1008 cm ' were
tentatively assigned to the symmetric and antisymmetric
stretching modes of the PO; group, which are typical of the
phosphate network. Bands in the region 984-731 cm™ ' are
associated with the symmetric and antisymmetric stretching
modes of P-O-P bridges (POP), reflecting the connectivity
within the phosphate structure. The absorption bands in the
lower frequency range of 618-425 cm™ " are attributed to the
symmetric and antisymmetric deformation modes, J§(POj3),
which are associated with bending vibrations of PO; groups.

3.3. Upconversion emission studies

Fig. 3 shows the UC emission spectra of 2%Er*",x%Yb*" co-
doped NSPO particles excited at 980 nm. The spectra exhibit
the typical transitions of Er*" ions: two intense green bands
located at 523 nm and 544 nm are assigned to the *Hy;,, — *I;5
» (band H) and *S;, — *I;5,, (band S) transitions, respectively,
while the red band corresponds to the “Fy, — *I;5,, (band F)
transition at 662 nm.’** As Yb®>' concentration increases,
a great enhancement in Er*" emission is observed, which is
attributed to the improved absorption by Yb®" at 980 nm. This
suggests that Yb** ions function as sensitizers for Er** through
energy transfer from Yb*" to Er**.%°

The dependence of emission intensity on pump power is
recorded to investigate the UC emission mechanism. Fig. 4
shows such a plot of the integral emission intensity (I) of the
green and red emission lines as a function of pump laser
power (P). In the upconversion process, the relationship
between I and P can be written as:*” I«P". Where n is the
number of pump photons absorbed for each upconverted
visible photon emitted. The slope values obtained for the two
green bands (H and S) and the red band (F) are 2.25, 1.76, and
1.54, respectively. These values of n approximate to 2,
revealing that UC emissions in the NSPO:Er/Yb sample come
from two-photon processes.
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Fig. 3 UC emission spectra of NSPO:2%Er** x%Yb** (x = 3, 5, 10, and
15) under excitation at 980 nm.
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Fig. 4 Log-log plots of up-conversion emission intensity versus
pump power for NSPO:2%Er,15%Yb under 980 nm laser excitation.
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Fig.5 Energy level diagrams of Er** and Yb*" ions and the possible UC
mechanisms.

To further explain the UC process between Er*” and Yb*", the
luminescence mechanism and possible energy transfer level
diagram were drawn, as shown in Fig. 5. Under 980 nm laser
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Fig. 6
the temperature-dependent integral PL intensities of bands H, S, and F.
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excitation, the “I;;,, energy level of Er*" ions gets populated
through the ground state absorption (GSA) method by
absorbing energy from Yb*" ions. Subsequently, by the excited
state absorption (ESA) process, the ‘F,, level is populated
through absorption of another photon of the same energy.
Photons in the *F,,, level non-radiatively relax to the *H,,,, and
“S,,, states. Meanwhile, the H,;,, and “S;,, levels relax back to
the ground emitting green light at around 523 nm and 544 nm.
Finally, the Er*" in the *Fo, level transfers to the *I;s, level,
resulting in a red emission centered at 662 nm. Owing to the
larger absorption cross section of Yb** and the high matching
energy levels between Yb®" and Er’' ions, the energy transfer
processes mentioned above are very efficient, resulting in
intensive UC emission.****3°

3.4. Optical temperature sensing based on TCLs and NTCLs

To explore the probability of thermometry application,
temperature dependent UC emission spectra under 980 nm
laser excitation in the range of 200-440 K were plotted, as shown
in Fig. 6a. It is clearly observed in Fig. 6b that the intensity of the
*H,,, — L5, transition increases and the intensities of both
Ss;2 — “Lisjs and *Fo;y — “Iy5), transitions decrease gradually
with increasing temperatures, while the shape and position of
the emission peaks remain unchanged. Thus, the different
change tendencies of emission intensities can be used to ach-
ieve greater sensing thermometry. For thermally coupled energy
levels, the luminescence intensity ratio (LIRyy) is governed by
the Boltzmann distribution law and can be expressed as
follows:***

In AFE
LIR = —=A4 - —
TCL A eXp ( ks T)

where Iy and Is are the integrated intensities of green emissions
corresponding to the transitions *Hyq, — “Ijs;, and S, —
1,5/, Tespectively. B is a pre-exponential constant, AE is the
thermal coupling energy level difference, kg is the Boltzmann
constant, 7T is the absolute temperature, and C is a constant.
Fig. 7a shows the temperature-dependent LIRy¢q;, for
NSPO:Er,Yb. As can be observed, the LIRyq; increases as the

(b)
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(@) UC emission spectra of NSPO:2%Er,15%Yb under 980 nm laser excitation in the 200-440 K temperature range, and (b) histograms of
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data analysis.

temperature increases, in alignment with the fit curve described
in eqn (1), in which the fitting function is LIRpq, = 1.08
exp(—648.8/T) + 0.2 with R* = 0.999, indicating a good fit. Next,
the energy gap between *H,;,, and *S;), levels was calculated to
be approximately 450 cm ™.

Moreover, noncontact optical temperature sensing using
the LIR of NTCLs is investigated to improve sensing sensi-
tivity. Fig. 7b exhibits the temperature-dependent UC LIRynrcr,
of the other pair associated to NTCL: *Hy;,, — “I;5/, and *Fo,
— *5, in the temperature range of 200-440 K. It is rare for
NTCLs to be affected by thermal excitation because of their
large energy gaps, which makes the traditional LIR method
unsuitable.** Therefore, the experimental data could be typi-
cally fitted in alignment with the following polynomial
expression:

1
LIRNtCL = I—H:Bo-5-B1T—§-BzT2—§—B3T3 (2)
F
where By, B,, and Bz represent thermometry constants. The
fitting formula obtained from Fig. 7b is LIRyyc, = —0.08 +
0.003T + 1.42T> — 5.47T° and R* = 0.993, indicating that the fit
is good.
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(@) LIRTcL and (b) LIRNTcL values as a function of temperature. The error bars indicate uncertainties due to experimental acquisition and

In addition, the sensitivity of the sensor is a key indicator for
actual optical temperature measurement. Two sensitivity
parameters are defined: absolute sensitivity S, which indicates
the rate of change in the LIR with temperature, and relative
sensitivity Sg, which represents the relative variation in LIR with
unit temperature. These parameters can be expressed by the
following equations:*****

JLIR
Sa= o7
1 LR
SRf ﬁx WX 100%

Fig. 8 depicts the evolution of S, and Sy values in the
temperature range of 200-440 K. Firstly, S, values based on
LIRNrcr, are much larger than those based on LIRycp, in the
whole experimental temperature range. As it can be noticed, the
maximum values of S, were found to be 0.0018 K™ * at 320 K and
0.0075 K™ ' at 200 K for LIRpc; and LIRyrcp, respectively.
Secondly, the maximum value of Sy obtained using LIRyc;, was
0.6% K ' at 240 K, while that obtained using LIRyrcp kept

—m-TCL

—s—NTCL [ 12

0.4

T 0.2

T T T T T
200 250 300 350 400

Temperature (K)

(a) Absolute sensitivity and (b) relative sensitivity of thermally and non-thermally coupled levels as a function of temperature from 200 K to

440 K. The error bars indicate uncertainties due to experimental acquisition and data analysis.
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Table 2 Maximum relative sensitivity of Er**, Yb** based luminescent thermometers using thermally and non-thermally coupled levels

System T range (K) LIR Sa (K Sk (% K1) Ref.
NaSrPO,:Er/Yb 298-573 ®Hivp = sz *Sse = *Lisp 0.0052 1.78 (298 K) 18
NaZnPO :Er/Yb 303-753 *Hiyp — Lis/*Sse = *Lisp 0.0049 1.22 (303 K) 16
Ca;(PO,),:Er/Yb 300-473 ®Hiyp = *Lisz*Ssie = *Lispe — 0.34 (300 K) 47
Na;Y(PO,),:Er/Yb 320-670 *Hip — is/*Sss 2= *Lispe 0.0027 1.1 (313 K) 48
NazY(PO,),:Er/Yb 320-670 YFo, = MispnfHirp = “Lisp 0.16 0.8 (313 K) 48
K;Y(PO,),:Er/Yb 293-553 oy = Myspp/Hiyp — “Lisp 0.0044 0.86 (293 K) 49
Sr3(PO,),:Er/Yb 303-623 ®Hiyp = *Lisz*Sse = *Lispe 0.0070 0.88 (303 K) 50
GdPO,:Er/Yb 293-673 *Hy1o— Tisin/*Sae = isp — 0.74 (298 K) 51
ZrSc(WO,),PO,:Er/Yb 298-573 *Hyis = s/ Sz — *Lisps 1.12 1.10 (298 K) 52
Na,SrP,0:Er/Yb 200-440 *Hip — “Lis2/*Sain = *Lisp 0.002 0.6 (240 K) This work
Na,SrP,0,:Er/Yb 200-440 ®Hip — s Fopp = "Lispa 0.0075 1.14 (200 K) This work
decreasing gradually from 1.14% K ' at 200 K to 0.28% K ' at =
440 K. All obtained values are listed in Table 2, along with the 184 _'fmc" ’
reported phosphates systems. As can be seen, the sensing j\/i - 0.65
e . 1.7
sensitivity of our sample based on non-thermal coupled levels is | o0.60
relatively high, indicating that NSPO:Er,Yb is more suitable for 6
temperature sensing applications. o ’ } r0-55 o
Another important parameter related to temperature sensi- (=g \ L 050 =
C e . . .1 w 199 > w
tivity is temperature uncertainty (37).>** This parameter indi-
cates the smallest temperature change that can be detected. It 14 /%/% 049
N L
depends on the performance of the system and experimental i I }/{ L 0.40
o
setup. 8T can be determined by using the following equation:* 1.3 /E/i \%\ l/ 1
L 0.35
1 JLIR i
T = Sk LIR’ 1.2 - T . ; . : 0.30
R 200 250 300 350 400 450

where SLIR is the standard deviation of LIR data obtained from
multiple measurements at a fixed temperature, while LIR
represents the mean value obtained from these measurements.
To evaluate the sensitivity of the detection system, we per-
formed 20 LIR measurements on our sample at room temper-
ature, as shown in the histograms in Fig. 9. The LIR uncertainty,
defined as JLIR, was obtained from 20 measurements at 298
K'54,55

Fig. 10 shows the temperature uncertainty based on the
LIRy¢;, and LIRyycr of NSPO:Er, Yb at different temperatures.
Based on the LIRy¢, method, the minimum temperature

Temperature (K)

Fig. 10 Temperature uncertainty values 8T of LIRtc. and LIRytc. The
error bars indicate uncertainties due to experimental acquisition and
data analysis.

uncertainty obtained was about 1.31 K at 320 K; whereas based
on the LIRyrcr, method, the minimum 37 was 0.34 K at 200 K.
Thus, it is clearly seen that the 3T value of the optical ther-
mometer obtained using the LIRyrcy, technique is lower than
that obtained using the LIRy¢;, technique.

(a) B LR, (b) B LRy e,
1 1 0LIR=0.013
S\ 0LIR=0.012
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Fig. 9 Standard deviation obtained using 20 measurements at 298 K of (a) LIRtc, and (b) LIRyTcL.
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4. Conclusions

In this study, we successfully synthesized Na,SrP,0,:Er**/Yb**
phosphors via the solid-state method and explored their
potential for optical thermometry in the 200-440 K temperature
range under 980 nm excitation. The upconversion lumines-
cence properties of these phosphors were thoroughly analyzed
using the LIR method, considering both TCL and NTCL energy
levels. The calculated maximum S, and Sk values demonstrated
that these materials exhibit strong temperature-dependent
luminescence suitable for precise temperature sensing.
Notably, the comparison between the LIRyc;, and LIRnrcr
methods revealed that the LIRyr¢;, technique provides a lower
minimum 87, reaching 0.34 K at 200 K, compared to 1.31 K at
320 K for the LIRycy, technique. This indicates that the LIRyrcr,
method offers superior resolution and accuracy for optical
temperature sensing. Overall, the Na,SrP,0,:Er’**/Yb*" phos-
phors display excellent temperature sensitivity, high resolution,
and versatility, making them highly promising candidates for
advanced optical thermometry applications. These findings
contribute to the development of more reliable and precise non-
contact temperature sensing technologies, with potential
applications in both scientific research and industrial
environments.
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