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Comparison of properties and performance of
Eu2+-doped Ca6BaP4O17, Ca4Sr(PO4)3Cl, NaSrPO4

and Sr3Al2O5Cl2 thermometric phosphors

Simon N. Ogugua, * Robin E. Kroon and Hendrik C. Swart *

The temperature sensitivity of a luminescent material depends on its thermodynamic properties, such as

its activation energy (DE). In this work, we demonstrated the dependence of the relative tempera-

ture sensitivity (Sr) on DE for four thermometric phosphors, namely Ca6BaP4O17:0.05Eu2+ (CBP:Eu),

Ca4Sr(PO4)3Cl:0.02Eu2+ (CSPC:Eu), NaSrPO4:0.04Eu2+ (NSP:Eu) and Sr3Al2O5Cl2:0.1Eu2+ (SAC:Eu), for

which the values of DE varied according to SAC:Eu 4 CBP:Eu 4 NSP:Eu 4 CSPC:Eu. The maximum

values of Sr behave in a correlated manner, with values of 1.973, 1.452, 0.610 and 0.137% 1C�1,

respectively. At room temperature, the phosphors possessed good Sr values of 1.148% 1C�1 (SAC:Eu),

0.349% 1C�1 (CBP:Eu), 0.346% 1C�1 (NSP:Eu) and 0.089% 1C�1 (CSPC:Eu), indicating their potential for

thermometry applications at near ambient temperatures. This demonstrates that to increase the sensitivity,

the value of DE should be maximized. The energy gap between the 5d excited state of Eu2+ ions and the

conduction band minimum, the thermal ionization energy (DEi), showed an irregular relationship with DE,

likely because DE was obtained from data measured at elevated temperatures, whereas the other was

obtained from room temperature data. Considering the obtained values of DE and DEi, thermal ionization is

the dominant mechanism for thermal quenching in CSPC:Eu, NSP:Eu and SAC:Eu, whereas the rate for both

thermal ionization and non-radiative crossover relaxation mechanisms is similar in CBP:Eu. The values of the

quantum yield for SAC:Eu, NSP:Eu, CBP:Eu, and CSPC:Eu are 35, 23, 19, and 10%, respectively. Factoring in all

the obtained values, SAC:Eu demonstrates the best performance among all the phosphors.

1. Introduction

The global temperature sensor market constituted USD 6
billion in 2021, and it is estimated to have a compound annual
growth rate of 5.4%, to reach USD 10.6 billion by 2031.1

Temperature is a variable of critical importance because it
governs heat transport and chemical reaction rates in systems
and processes, e.g., thermal convection, aerosol systems, bio-
logical sensing, and the pathogenesis of diseases such as
cancer cells.2,3 In addition, the brain’s local temperature and
thermal dynamics can help understand its physiology and be
used as a diagnostic tool.4 Other applications of temperature
sensors include metrology, military, home appliances, agri-
culture, etc.

Changes in physical phenomena with temperature, e.g.,
thermal expansion of substances such as mercury, air, or
alcohol, the conductivity or ductility changes of metals, change
in infrared reflections, and change in luminescence can be

calibrated to readable temperature scales.5 Temperature sen-
sors can be classified as invasive, non-invasive or semi-invasive
based on their mode of interaction with the object of analysis.
For invasive or contact systems, the sensor is in physical
contact with the object of interest, e.g., gas and liquid-in-glass
thermometers, thermocouples and thermistors. Non-invasive
or non-contact devices measure an object’s temperature with
out physical contact, e.g., infrared devices. Semi-invasive systems
involve coating surfaces with thermally active materials, e.g.,
thermochromic liquid crystals, paints, and luminescent materials,
and observing the changes in their optical properties remotely.6

The advantages of the semi-invasive over invasive sensors include
the ability to work in hazardous environments, e.g., flames or
plasmas, and to measure the temperature of moving components,
e.g., an automobile piston, a hot jet engine blade, etc. Among the
semi-invasive temperature techniques, optical techniques (e.g.,
luminescence thermometry) have a major advantage due to their
high temperature resolution of about 0.003 K, which is superior to
that of infrared cameras, around 1 K,7 making it difficult to obtain
knowledge of surface characteristics when using infrared cameras.

In luminescence thermometry, the principle is based on the
change of the luminescence properties of materials with
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temperature. This technique has shown enormous advantages
over the other techniques, such as the simplicity of the process,
better temperature resolution, high acquisition rate, and the ability
to operate at the intercellular level. Temperature sensitivity can be
obtained from luminescence thermometry using the temporal8,9

or spectral method.10–13 Comprehensive information on the dif-
ferent spectral techniques for temperature readout is available.14,15

A major drawback of the spectral method is that the thermometry
is influenced by changes in luminescence excitation conditions or
local probe concentrations.16 In the temporal method, the excita-
tion and signal detection changes do not affect the readouts.
However, it is challenging to implement temperature imaging.17

The materials commonly used in luminescence thermometry
include organic compounds (e.g. dyes), metal–ligand complexes,
quantum dots, polymeric matrices, and lanthanide complexes.18

Among luminescence thermometry, phosphor thermometry is
based on inorganic compounds called hosts, combined with a
small quantity of optically active lanthanides, transition metals or
post-transition metals known as dopants. Phosphors possess
apparent advantages in the field of in vivo imaging, including
high brightness (quantum yield), photostability, non-phototoxic,
excellent signal-to-noise ratio, and high sensitivity in the bio-
logical medium.18 Unlike quantum dots, the spectral maxima are
unaffected by particle sizes and hence do not shift within the
investigation region.19 Some of the demerits of phosphor thermo-
meters include a long decay time between several microseconds
to milliseconds, and difficulty achieving uniform nanoparticle
sizes. In fluorescence lifetime imaging, the rate of data acquisition
depends on the fluorescence lifetime. Short fluorescence lifetimes
allow fast data acquisition, while long fluorescence lifetimes slow
data acquisition. Nevertheless, each time scale can be measured
using different systems, e.g. for short lifetime measurements, in
the nanosecond scale, fluorescence lifetime imaging uses time-
correlated single photon-counting, or phase-modulated detectors
and high repetition rates, or modulated excitation sources.20 For
long lifetime measurements, in the microsecond scale, low frame
rate gated cameras such as global shutter complementary metal
oxide semiconductor (CMOS) or interline-transfer CCDs and low
repetition rate pulsed excitation sources are used.17 For surface
phosphor thermometry, kilohertz frame rate CMOS cameras
coupled with a single excitation source can resolve decay times
of tens of microseconds and longer.21

For temperature-dependent of luminescence or lifetime
measurements, the luminescence intensity and lifetime values
are usually fairly insensitive to temperature changes over an
extensive range of low temperatures and show a steep decrease
over a narrow temperature range at high temperatures. There-
fore, it is vital to produce more phosphor-based thermometers
that possess decent temperature sensitivity around room tem-
peratures and physiological temperatures. In some cases, the
quenching behaviour of luminescence intensity and lifetime
of a phosphor deviates completely in different temperature
regions.22,23 This feature largely depends on the intrinsic proper-
ties of the host material and the dopant ion. Among the
lanthanide-based phosphors, divalent europium ion (Eu2+)
doped materials have shown exceptional thermal sensitivity

around ambient temperatures.24,25 The electronic configu-
ration of Eu2+ is [Xe]4f7 with a half-filled f shell. The f shell is
shielded by the closed 5s2 and 5p6 outer shells. The half-filled
f shell has an 8S7/2 ground state with a 4f75d0 electronic con-
figuration and 4f65d1 excited state.26 Eu2+ is one of the few
lanthanide ions (including Ce3+, Pr3+ and Sm2+) that emit
through 5d–4f transitions. The energy gap between the 4f and
5d levels decreases with an increase in the crystal field strength
of a host material. The crystal field strength increases with a
decrease in the bond length of the ligands.27 Generally, as the
crystal field experienced by Eu2+ ions in a host increases, the
position of the emission band maximum shifts to a longer
wavelength.28 This implies that the energy levels of the 4f75d0

ground state and the 4f65d1 excited state of Eu2+ are sensitive to
the host material – a property which plays a key role in the
thermal quenching mechanism.29 These characteristics of Eu2+

ions enable them to emit at different wavelength regions and
possess different luminescent lifetimes when incorporated in
hosts of distinct structural properties. In most cases, Eu2+

doped materials possess a lifetime in the sub-microsecond to
a few microseconds range, making them suitable for imaging
applications.

We prepared Eu2+ doped in different hosts (Ca6BaP4O17,
Ca4Sr(PO4)3Cl, NaSrPO4, and Sr3Al2O5Cl2) using the solid-state
synthesis method and compared their thermometric proper-
ties. These phosphors have been widely studied, with optimum
luminescence intensities obtained from Ca6BaP4O17:0.05Eu2+,8

Ca4Sr(PO4)3Cl:0.02Eu2+,30 NaSrPO4:0.04Eu2+,31 and Sr3Al2O5-
Cl2:0.1Eu2+.25 Given the varying structural properties of these
host materials, it is anticipated that Eu2+ ions will occupy
different energy levels upon incorporation. In addition, these
hosts are thermally sensitive across the same temperature
range, albeit at different rates. This will result in each material
exhibiting unique luminescence and thermal properties at a
given temperature within the measured range. We measured
the structure, morphologies, and the temperature-dependence
of luminescence and lifetime. Eu2+ emissions were observed at
different wavelength regions (blue, green, and red) from these
hosts when excited using the third harmonic of a pulsed
Nd:YAG laser (355 nm). The thermometric properties of the
phosphors were determined from the temperature-dependent
lifetime data, and the graph of temperature parameters, such as
the activation energy and relative sensitivity, exhibited a con-
sistent correlation. Additionally, the energy difference between
the host conduction bands and the 4f65d1 excited state of Eu2+

showed an inconsistent relationship. We also report the quan-
tum yield of the phosphors.

2. Experimental
2.1. Synthesis

The phosphors were prepared using a high-temperature solid-
state method. The starting materials for each phosphor were
analytical reagents of (i) Ca6BaP4O17:0.1Eu2+–CaCO3 (0.5101 g)
BaCO3 (0.5028 g), CaHPO4 (1.3868 g), Eu2O3 (0.0448 g),
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(ii) Ca4Sr(PO4)3Cl:0.03Eu2+–CaCO3 (1.6847 g), SrCO3 (0.3106 g),
SrCl2H2O (0.3715 g), (NH4)2HPO4 (1.6672 g), Eu2O3 (0.0149 g)
(iii) NaSrPO4:0.05Eu2+–Na2CO3 (0.5016 g), SrCO3 (1.3973 g),
(NH4)2HPO4 (1.2499 g), Eu2O3 (0.0666 g) and (iv) Sr3Al2O5-

Cl2:0.1Eu2+–SrCO3 (1.2415 g), SrCl2�H2O (0.7422 g), Al2O3

(0.4286 g), Eu2O3 (0.0091 g). The Eu2O3 has a purity of 99.99%.
The stoichiometric amount of each starting material was weighed,
and acetone was used to make a slurry mixture inside an agate
mortar. The mixture was ground using a pestle for about
30 minutes, placed in a crucible boat, transferred to a tube
furnace, and annealed in a 95% Ar/5% H2 atmosphere. Ca6Ba-
P4O17:0.1Eu2+, Ca4Sr(PO4)3Cl:0.03Eu2+, NaSrPO4:0.05Eu2+, and
Sr3Al2O5Cl2:0.1Eu2+ were annealed at 1000 1C (8 h), 1000 1C
(10 h), 850 1C (16 h) and 1000 1C (4 h), respectively. The samples
were allowed to cool to room temperature and ground again to
obtain fine powders.

2.2. Characterization

A Bruker D8 Advance X-ray diffractometer was used for the
structure characterization. The morphologies and the elemental
analysis were performed using a Jeol JSM-7800F field emission
scanning electron microscope (FE-SEM) fitted with an Oxford
X-MaxN 80 energy-dispersive X-ray spectrometer (EDS). The
temperature-dependent luminescence and the lifetime were mea-
sured by exciting the phosphors using the third harmonic of a
pulsed Nd:YAG laser (355 nm, 10 ns, 10 Hz) with a fluence of
1 mJ cm�2 (see Fig. 5). The luminescence was recorded using a
spectrometer (Acton Research SPro300i, f = 500 mm, 300 grooves
per mm), while the lifetime was recorded with a DET100A2
Thorlabs photodetector connected to an oscilloscope. The tem-
perature was varied using a DC power supply and measured using
a type K thermocouple (see Fig. 5). The quantum yield (QY) was
measured using an integrating sphere incorporated in an FLS980
spectrometer (Edinburgh Instruments) equipped with a 450 W
xenon lamp as a steady-state excitation source. A detailed proce-
dure for the QY measurement was reported in ref. 32.

3. Results and discussion
3.1. Structure

The X-ray powder diffraction (XRPD) patterns of the phosphors
are shown in Fig. 1. Ca6BaP4O17:0.05Eu2+ (CBP:Eu) phosphor
(Fig. 1(a)) crystallized in a monoclinic phase with space group
C2/m and the Rietveld refined cell parameters listed in Table 1
agreed well with the standard cell parameters. The unit cell of
Ca6BaP4O17 is shown in Fig. 2(a). The crystal structure com-
prises two kinds of Ca sites (Ca1 and Ca2) and unique Ba and P
sites. Ba is coordinated to twelve O atoms with S2 point
symmetry, with an average bond length of 3.04 Å. Each BaO12

dodecahedron is connected to two PO4 tetrahedra by O3 faces
and six PO4 tetrahedra by O vertices. The Ca1 and Ca2 sites are
coordinated to eight and seven oxygen atoms with Cs and C1
point symmetries and average bond lengths of 2.51 and 2.42 Å,
respectively. Each Ca site is connected to an isolated O atom
(non-P bonded).33 The ionic radii of Ca in its seven and eight

coordination are 1.07 and 1.12 Å, respectively, which can be
randomly occupied by Eu2+ with ionic radii of 1.20 and 1.25 Å in
the same coordination, respectively.34

Ca4Sr(PO4)3Cl:0.02Eu2+ (CSPC:Eu) crystallized as 92%
Ca4Sr(PO4)3Cl single-phase with 8% Ca3(PO4)2 impurity phase,
and the Rietveld refined XRPD is shown in Fig. 1(b). CSPC:Eu
crystallized in a hexagonal phase (with a structure similar to
Ca5(PO4)3Cl) with a P63/m (176) space group, and the Rietveld
refined cell parameters listed in Table 1 matched well with
standard cell parameters. The crystal structure of Ca4Sr(PO4)3Cl
is represented with the unit cell of Ca5(PO4)3Cl in Fig. 2(b).
Ca5(PO4)3Cl has two kinds of Ca2+ sites, Ca1 and Ca2, of which
Sr2+ will replace one in Ca4Sr(PO4)3Cl. The Ca1 site is coordi-
nated by nine O atoms, while the Ca2 site is coordinated by six
O and two Cl atoms.35

NaSrPO4 exhibits multiple phase transitions depending on
the annealing temperature. NaSrPO4 can exhibit up to four
phase transitions between room temperature and 750 1C.36

NaSrPO4 can crystallize in an orthorhombic phase,37 a hexa-
gonal phase,36 and a monoclinic phase.38 The XRPD pattern
of NaSrPO4:0.04Eu2+ (NSP:Eu) showed that it crystallized in
a monoclinic phase with a Pn21a space group, matching
the ICDD file no. 00-033-1282 of NaSrPO4, Fig. 1(c).38 The
crystallographic data of monoclinic NaSrPO4 are not avail-
able in the literature; therefore, we were unable to perform
the refinement.

The XRPD pattern of Sr3Al2O5Cl2:0.1Eu2+ (SAC:Eu) crystal-
lized in an orthorhombic phase with P212121 space group, and
the Rietveld refined XRPD is shown in Fig. 1(d). The refined cell
parameters tabulated in Table 1 matched well with the stan-
dard. Sr3Al2O5Cl2 contains three different Sr sites (Sr1, Sr2, and
Sr3), and each site is coordinated by five O2� and four Cl�

ligands with differences in the average Sr–O and Sr–Cl bond
lengths, Fig. 2(c).39 Additional Rietveld refinement parameters,
including atomic displacement parameters, occupancy, and

Fig. 1 Rietveld refined XRPD of (a) CBP:Eu, (b) CSPC:Eu, XRPD of (c)
NSP:Eu and (d) Rietveld refined XRPD of SAC:Eu.
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Wyckoff positions, are detailed in Tables S1–S3 for CBP:Eu,
CSPC:Eu, and SAC:Eu, respectively.

3.2. Morphology and elemental composition

The FE-SEM images of the phosphors are shown in Fig. 3(a–d).
The images are at the scale of 1 � 1 mm2. The FE-SEM images of
CBP:Eu and CSPC:Eu contain irregular (polyhedral) shaped
particles (Fig. 3(a and b)) of various sizes, with an average size
of 0.6 and 0.5 mm, respectively, Fig. 3(e and f). The image
of NSP:Eu contains agglomerates of spherical particles,
Fig. 3(c), with an average size of 0.7 mm, Fig. 3(g). The image
of SAC:Eu shows micrometer-sized rod-like particles, Fig. 3(d).

The sizes of these particles made them suitable for flow tracing
in fluids.40

3.3. Elemental analysis

The EDS data in Fig. 4 confirmed the presence of all the
expected elements in the materials, including Ca, Ba, P, O
and Eu in CBP:Eu, Fig. 4(a); Sr, Ca, P,O, Cl and Eu in CSPC:Eu,
Fig. 4(b); Na, Sr, P, O (Eu peak is not visible in the spectrum, but
present in Table 2) in NSP:Eu, Fig. 4(c), and Sr, Al, O, Cl, and Eu
in SAC:Eu, Fig. 4(d). The C could be from the carbonate
precursors used as the starting materials. The elemental com-
positions of each material are listed in Table 2.

Fig. 2 Crystal structures of (a) CBP, (b) CSPC and (c) SAC hosts.

Table 1 Crystallographic and refinement parameters of the phosphors

CBP:Eu CSPC:Eu SAC:Eu

Prototype Refined Prototype Refined Prototype Refined

a (Å) 12.3030(7) 12.2130 9.5200(3) 9.54212 9.5000 9.4176 (9)
b (Å) 7.1045(4) 7.1203 9.5200 9.5311 9.5100 9.3989(6)
c (Å) 11.7160(8) 11.6825 6.8500(3) 6.8913 9.5200 9.3996(6)
V (Å3) 731.14(4) 734.08 537.644(3) 538.732 860.24 832.05(1)
a (1) — — 90.0 90.0 90.0 90.0
b (1) 134.442 134.521 90.0 90.0 90.0 90.0
g (1) — — 120.0 120.0 90.0 90.0
Phase Monoclinic Monoclinic Hexagonal Hexagonal Orthorhombic Orthorhombic
Space group C2/m C2/m P63/m(176) P63/m P212121 P212121

Rp (%) 13.24 14.06 8.48
Rwp (%) 16.91 18.35 11.99
w2 3.42 5.17 2.82
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3.4. Temperature-dependent of luminescence

The temperature-dependent of the luminescence and lifetime
of the phosphors were measured by exciting the phosphors

using the third harmonic (355 nm, 10 ns, 10 Hz) of a Nd:YAG
pulsed laser, Fig. 5. A 400 mm thick light sheet, with an energy
density of 10 mJ cm�2, was directed onto powder phosphor that
was loaded into a copper block featuring a 2 mm wide hole.
All measurements were performed in air in a dark room. The
luminescence was recorded using a spectrometer, and the
lifetime was recorded using a photodetector connected to an
oscilloscope. The laser beam was converged onto the phosphor
powder loaded on a copper block using cylindrical convex
lenses ( f = 50 mm). A temperature error of o2% was obtained
for repeated (4�) lifetime measurements at 33.5 1C for all
samples. Temperature errors can distort the calibration curve
that links temperature to spectral output, such as intensity or
lifetime. This can lead to poor accuracy and precision and may
even cause the sensor to fail in high-temperature or reactive
environments.

Eu2+ is one of the divalent rare earth ions that exhibit 5d–4f
transitions (others include Sm2+ and Yb2+, and trivalent ions
such as Pr3+ and Ce3+). These ions are fascinating because,
depending on the activator ion environment in the host lattice,
they can emit at different wavelength regions and form wide
emission bands. The rationale behind the wide emission band
is that the 5d–4f transitions are orbitally allowed according to
the Laporte selection rule.41 The tuning property of the emis-
sion wavelength of Eu2+ arises from the ability of energy
separation between the 5d and 4f levels to change with varia-
tions in the crystal field strength of the host lattice.42 Therefore,
both excitation and emission bands shift to a longer wave-
length with an increasing crystal field strength and vice versa.

Fig. 3 FE-SEM images of (a) CBP:Eu, (b) CSPC:Eu, (c) NSP:Eu and
(d) SAC:Eu (scale = 1 mm); the particle size distributions of (e) CBP:Eu,
(f) CSPC:Eu and (g) NSP:Eu.

Fig. 4 EDS spectra of (a) CBP:Eu, (b) CSPC:Eu, (c) NSP:Eu and (d) SAC:Eu.

Table 2 Elemental compositions of the phosphors

Elements

Elemental composition (wt%)

CBP:Eu CSPC:Eu NSP:Eu SAC:Eu

C 11.8 6.2 3.1 36.1
O 26.9 32.6 27.9 22.6
P 13.2 16.3 14.2 —
Ca 30.4 31.2 — —
Ba 17.2 — — —
Cl — 0.8 — 6.0
Sr — 12.8 45.4 29.7
Na — — 9.1 —
Al — — — 4.73
Eu 0.5 0.2 0.4 0.8

Fig. 5 Experimental setup for the temperature-dependent luminescent
and lifetime measurements.
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The excitation spectra of CBP:Eu, CSPC:Eu, NSP:Eu and SAC:Eu
were measured using a fluorescence spectrometer under 537,
450, 450, and 600 nm emissions (Fig. 6(a, c, e and g), respec-
tively). The excitation bands spread over the ultraviolet to the
near-visible range of the electromagnetic spectrum, having
maxima at 298, 290, 270, and 335 nm, respectively. CBP:Eu,

CSPC:Eu, and SAC:Eu exhibited additional shoulders at 375,
340, and 415 nm, while NSP:Eu showed two additional peaks
at 298 and 355 nm. These bands are assigned to the 4f–5d
transitions of Eu2+. It is evident from the excitation spectra that
the phosphors can be excited effectively using 355 nm, which is
convenient from a laser diagnostic perspective. The temperature

Fig. 6 The excitation spectra of (a) CBP:Eu, lEmi. = 537 nm, (c) CSPC:Eu lEmi. = 450 nm, (e) NSP:Eu, lEmi. = 450 nm, (g) SAC:Eu, lEmi. = 600 nm, and
temperature-dependent emission spectra of (b) CBP:Eu (d) CSPC:Eu, (f) NSP:Eu, and (h) SAC:Eu, lExi. = 355 nm.
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dependence of luminescence of CBP:Eu, CSPC:Eu, NSP:Eu and
SAC:Eu was measured in the 23 to 173 1C temperature range,
Fig. 6(b, d, f and h), respectively, using the third harmonic
(355 nm) of a Nd:YAG laser.

The four samples exhibited emission maxima at 537, 450,
450, and 600 nm (with SAC:Eu possessing another band at
450 nm). These bands are assigned to the 5d–4f transitions of
Eu2+.43,44 The peaks at 574 and 629 nm in Fig. 6(d) are assigned
to the 4f–4f transitions of some unreduced Eu3+ in the matrix.
From the normalized temperature-dependent emission spectra
in Fig. S1(a–d), the emission bands broadened towards the blue
with increasing temperature for all samples. The plots of the
integrated emission intensities versus temperature are shown
in Fig. S2(a–d).

The plots of the full-width-at-half-maxima (FWHM) of the
phosphors, Fig. 7, increased with increasing temperature,
except for CBP:Eu, which decreased up to 89 1C and then
started to increase. The increase in the values of the FWHM
can be attributed to increased lattice vibration of the materials
with increasing temperature.2 The behaviour observed at tem-
peratures below 89 1C in CBP:Eu was reported in SrMgA-
l10O17:Eu and CaSrSiO4:Eu,45,46 and was attributed to two
mechanisms:46 (i) excited Eu2+ ions occupying the lower energy
site tunnel to the higher energy site through a thermal
phonons-activated assistant; (ii) emission from Eu2+ ions occu-
pying the lower energy site quenches faster than the higher
energy site due to thermally assisted energy back transfer from
Eu2+ to the host.

The broad nature of these emission spectra suggests that
they comprise multiple bands from Eu2+ ions occupying differ-
ent sites in the hosts, as per the crystal structures in Fig. 2. CBP
and CSPC have two sites, while SAC have three sites where Eu2+

can occupy. Emission from the Eu2+ occupying the Ba site in
CBP can only be observed under a lower wavelength (300 nm)
excitation.8 The orthorhombic phase of NSP possesses three
sites,37 but the number of sites in the monoclinic phase is not
known. However, it can be argued that both phases have a
similar number of sites, since the PL emission spectra are
similar. Eu2+ ions in the various sites emit distinct wavelengths
due to the dependence of the 5d–4f transition on their environ-
ment, resulting in a combined broad emission band.

3.5. Temperature-dependent of lifetime

The temperature-dependent of lifetimes of CBP:Eu, CSPC:Eu,
NSP:Eu and SAC:Eu measured within the temperature range of
23–173 1C using the 355 nm Nd:YAG laser as an excitation
source, are shown in Fig. 8(a–d), respectively. The lifetime of
the phosphors showed significant temperature-dependence,
decreasing with increasing temperature. The decay curve of a
material with luminescence intensity I(t) at time t with an Nth
order exponential decay is given by eqn (1)

I tð Þ ¼
XN
i¼1

Ai exp �
t

ti

� �
(1)

where ti and Ai are the decay times and amplitudes of the
Nth exponential components of the luminescence decay,
respectively.47 The lifetimes of the samples were fitted using a
double exponential equation, and the average lifetime, tave, was
determined using eqn (2)

tave ¼
A1t12 þ A2t22

A1t1 þ A2t2
(2)

Similar to the temperature-dependent luminescence emis-
sion spectra. It is evident from Fig. 6 that the emission
intensities of the four materials exhibit strong thermal quench-
ing with temperature, but the lifetimes of CSPC:Eu and NSP:Eu
(Fig. 8(b and c) showed weak temperature quenching. Similar
results have been reported in different materials. In some
cases, the luminescence intensity changes while the lifetime
remains constant within the same temperature range;48 in
other cases, both parameters are quenched but at different
rates,49 while in other cases, they are quenched in different
temperature ranges.50 There are instances where the temperature-
dependent of lifetime can provide information not available from
luminescence data. Lifetime measurements can help distinguish
between static and dynamic quenching.51 In dynamic quenching,
the quencher interacts with the excited state, influencing theFig. 7 FWHM of CBP:Eu, CSPC:Eu, NSP:Eu and SAC:Eu.

Fig. 8 Temperature-dependent of lifetimes of (a) CBP:Eu, (b) CSPC:Eu, (c)
NSP:Eu and (d) SAC:Eu.
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entire population of excited electrons, which results in a
decrease in luminescence intensity and average lifetime by
reducing the probability of photon emission. On the other
hand, in static quenching, the quencher forms a non-lumi-
nescent complex within the phosphors, thus reducing the
number of active luminescent sites. Since the complex does
not emit light, the lifetime of the uncomplexed phosphor
remains the same, but the overall luminescence intensity drops
due to fewer luminescent centres. The extent of static quenching
depends on the amount of non-luminescent complex produced by
the quencher.

The decay curves of the SAC:Eu measured by exciting the
450 nm band using the 355 nm Nd:YAG laser are markedly
temperature independent in the measurement range of 23–
164 1C, as shown in Fig. 9(a), which indicates that the radiative
decay process dominates the transition. In this case, the life-
time parameter was extracted by fitting the luminescence decay
curve using a single exponential function, which implies the
presence of only one luminescent center. The luminescence
lifetime was determined to be about 0.71 ms, and the plot of
lifetime versus temperature, Fig. 9(b), showed an invariant
lifetime behaviour with temperature change. Note that both
the luminescence and lifetime of the 450 nm band can decrease
at higher temperatures when thermal energy equals the activa-
tion energy of the band.

The cooling and heating cycles of the phosphors, shown in
Fig. S3, demonstrated strong thermal stability and signal
reproducibility within the measured temperature range.

3.6. Thermal quenching mechanism

On a mechanistic level, the general concept of thermal quenching
of Eu2+-doped phosphors exhibiting 4f–5d transitions is

predominantly explained using one of the two following processes
or a combination thereof: (1) non-radiative 5d–4f crossover relaxa-
tion through electron–phonon interaction, and (2) thermal ioniza-
tion of the 5d electron of Eu2+ into the conduction band (CB) of
the host.52 These are described in detail below:

3.6.1. Non-radiative 5d–4f crossover relaxation. In this
process, an excited electron of Eu2+ returns to the 4f ground
state by means of vibrational relaxation. This is generally due
to increased electron–phonon interaction when the tempera-
ture of a system is increased. When sufficient thermal energy,
related to vibrational excitation near the Eu2+ ion within its
excited state landscape, is provided, the 5d electron is elevated
to the point where the 5d and 4f potential energy curves
intersect in the configurational coordinate diagram (the red
dots in Fig. 10(a) and (b)). Non-radiative relaxation takes place
at the crossover point, and the energy required for this process
is called the activation energy, DE. In CBP:Eu and CSPC:Eu,
the excited energy levels (5d levels) of Eu2+ ions occupying the
two Ca sites (Ca1 and Ca2) (representing the Sr site in CSPC:Eu
with a Ca site for simplicity) are represented by the parabolas
Ca1 and Ca2 in Fig. 10(a). The DE for Eu2+ ions occupying each
Ca site is the energy difference between the bottom of the Ca
parabola and its intersection with the 4f ground state parabola
(indicated with red dots). For example, the DECa1 for Eu2+ ions
occupying the Ca1 sites is indicated with the dotted blue lines
in Fig. 10(a). In SAC:Eu, Eu2+ ions can occupy three different
sites (Sr1, Sr2 and Sr3) and hence give rise to three excited
energy levels represented by Sr1, Sr2 and Sr3 parabolas in
Fig. 10(b). DESr1, for example, is the activation energy of Eu2+

ions occupying the Sr1 site.
The total activation energy for thermal quenching in CBP:Eu

and CSPC:Eu, DECa, is given by eqn (3)

DECa = DECa1 + DECa2 (3)

also, for NSP:Eu and SAC:Eu, the total activation energy is given
by eqn (4)

DESr = DESr1 + DESr2 + DESr3 (4)

In SAC:Eu, DESr1 is considered constant because the lumi-
nescence intensity of Eu2+ in the Sr1 site did not show thermal

Fig. 9 (a) Temperature-dependent of lifetime of SAC:Eu when monitor-
ing the 450 nm band using 355 nm excitation, and (b) the lifetime versus
temperature.

Fig. 10 Energy configuration diagrams of (a) CBP:Eu and CSPC:Eu, and
(b) NSP:Eu and SAC:Eu illustrating the thermal quenching by considering
the activation energy of Eu2+ energy levels.
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quenching. The DE can be calculated from the temperature-
dependent of lifetime data, Fig. 8, using a plot of the logarithm
of (t0/tT � 1) versus the inverse of the temperature in degrees
Kelvin. In Fig. 11, the plot of (t0/tT � 1) versus 1/T for the
samples showed a linear regression. The activation energy can
be calculated using the

Arrhenius equation,50,53 eqn (5)

�DE
kB
� 1

T
¼ ln

t0
tT
� 1

� �
(5)

where t0 is the initial lifetime (e.g., 23 1C for SAC:Eu) and tT

are the lifetimes at higher temperatures, kB is the Boltzmann
constant (8.629 � 10�5 eV K�1). The value of DE can be
calculated by equating the slope of the graph to DE/kB. The
values of the activation energy for CBP:Eu, CSPC:Eu, NSP:Eu
and SAC:Eu are listed in Table 3, with SAC:Eu having the largest
DE value, while CSPC:Eu has the smallest values (see Fig. 13).

3.6.2. Thermal ionization. This mechanism describes the
process where the 5d electron of the Eu2+ ion is thermally
promoted to the CB of the host lattice, leading to the recombi-
nation of electron–hole pairs between the CB and the VB.54 This
delocalization of the electron results in a drop in the radiative
recombination rate. Ionization energy (DEi) is the energy
required to promote a 5d1 electron to the conduction band
minimum (CBM). DEi can be determined from temperature-
dependent photoconductivity measurement,55 thermolumines-
cence,56 or the Dorenbos semiempirical model.57

The Dorenbos semiempirical model uses the combination
of spectroscopic data and an empirical model to determine a
scheme containing all the divalent and trivalent lanthanide
energy levels.57 Fig. 12(a–d) shows the plot of the location of the
energy levels of divalent and trivalent lanthanide ions in CBP,
CSPC, NSP, and SAC host lattices, respectively. A piece of
detailed information on how these energy levels were calculated

Fig. 11 The plot of the ln(t0/tT � 1) versus the inverse of temperature.

Table 3 The Eg, DE, DEi and E5d (Eu2+, host) of the phosphors

Phosphors DE (eV) Eg (eV) E5d (Eu2+, host) DEi (eV)

CBP:Eu 0.24 6.6358 6.39 0.24
CSPC:Eu 0.22 8.2343 8.10 0.13
NSP:Eu 0.23 6.8060 6.80 0.00
SAC:Eu 0.31 7.2039 7.09 0.11

Fig. 12 Location of the energy levels of divalent and trivalent lanthanide ions in (a) CBP:Eu, (b) CSPC:Eu, (c) NSP:Eu, and (d) SAC:Eu.
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is given in the supplementary information. The charge transfer
band from O2�–Eu3+, ECT, which is equivalent to the ground state
of the Eu2+, Evf(Eu2+, host), are 3.73,58 5.06, 3.8859 and 4.16 eV, for
CBP, CSPC, NSP, and SAC, respectively. The ECT for CSPC and SAC
were obtained from the PL excitation spectrum in Fig. S4(a) and (b),
respectively. The values of the Eg, DE and DEi are listed in Table 3.
Fig. 13 shows the plot of DE and DEi for the phosphors.

The values of DE and DEi exhibited an irregular trend with one
another. Among the materials, SAC:Eu exhibited the highest DE,
while CBP:Eu demonstrated the highest DEi. In contrast, CSPC:Eu
and NSP:Eu had the lowest values for DE and DEi, respectively. The
irregularity in the variation of DE and DEi could stem from the
temperature at which each parameter was measured. DE is derived
from luminescence thermal quenching at high temperatures,
while DEi is obtained from low temperatures. The temperature
of the phosphor sample significantly influences the 5d1–CBM
energy gap, since lattice thermal expansion leads to an increase
in the 5d1 level while causing a decrease in the CBM.61 Comparing
the values of the DE and DEi, it could be concluded that thermal
ionization energy is the dominant mechanism for thermal quench-
ing in CSPC:Eu, NSP:Eu, and SAC:Eu, due to the smaller values,
while the rate of thermal ionization and non-radiative crossover
relaxation are similar in CBP:Eu.

The energy level diagram of SAC:Eu was used as an example to
illustrate the thermal ionization mechanism and the positions of
Eu2+ energy levels relative to the host’s, as shown in Fig. 14.
In Fig. 14(a), the Eg of SAC is 7.20 eV39 and the ECT, which is
equivalent to the 4f ground state energy level of Eu2+, Evf(Eu2+, SAC),
was determined to be 4.16 eV from the PL excitation spectrum of
SAC:Eu3+ in Fig. S4(b). The excitation energy, 2.93 eV, is equivalent
to the energy difference between the Evf(Eu2+, SAC) and the 5d1

states, E5d(Eu2+, SAC), of Eu2+ (the value of 5d1 is 7.09 eV, taken from
row 6, column 8 of Table S8) as shown in the coordinate diagram in
Fig. 14(b). These lead to the thermal ionization energy of 0.11 eV,
which is the energy gap between the 5d1 excited state and the CBM,
as shown in Fig. 14(a). The emission energy, 2.07 eV, was taken from
the PL emission spectrum in Fig. 6(h).

3.7. Thermometric parameters and quantum yield

Temperature sensitivity is a crucial merit indicator in the area
of application of an optical thermometer. For example,

materials used in high-temperature applications, such as in
combustion engines, should be temperature-sensitive at
B1000 K (727 1C),62 while materials used in low-tempera-
ture applications, such as in live cell imaging,2 should be
temperature-sensitive in the ambient range.

The relative temperature sensitivity, Sr, is defined by53

Sr ¼
1

tðTÞ
dtðTÞ
dðTÞ

����
����� 100% ¼

A exp
DE
kBT

� �

1þ A exp
DE
kBT

� � DE
kBT2

� 100%

(6)

where t(T) is the luminescence lifetime at a given temperature,
dt(T)/d(T) is the temperature derivative of t(T), A is the rate
constant, and kB is the Boltzmann constant. From eqn (6), Sr is
proportional to the DE and inversely related to the square of

Fig. 13 The activation and ionization energy for CBP:Eu, CSPC:Eu,
NSP:Eu and SAC:Eu.

Fig. 14 (a) Constructed energy level diagram for Eu2+ ions relative to the
VB and CB of the SAC host. (b) The configurational coordinate diagram
showing the energy levels of Eu2+ relative to the conduction band mini-
mum in SAC:Eu2+.
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temperature. Hence, materials with smaller DE tend to be
thermally sensitive at low temperatures and vice versa. There-
fore, the value of DE of a material also plays a crucial role in its
thermometric application.

Fig. 15(a) shows the graph of the lifetimes of the phosphors
versus temperature. It is evident that the lifetime quenches
strongly within the temperature range of 23–173 1C. The
Sr values calculated from the fitted data of Fig. 15(a) using
eqn (6) are plotted versus temperature in Fig. 15(b). From
Fig. 15(b), SAC:Eu has the highest maximum Sr value,
(Sr,Max.), 1.97% 1C�1 at 133 1C, followed by CBP:Eu,
1.45% 1C�1, at 172 1C, while NSP:Eu and CSPC:Eu have values
of 0.61% 1C�1 at 170 1C and 0.14% 1C�1 at 173 1C, respectively
(see Table 4).

To compare the temperature readout performance of the
phosphors around ambient temperatures, values of Sr at 25 1C
(Sr@25 1C) for all the samples are compared in Table 4. From
the plot of Sr,Max. and Sr@25 1C versus DE in Fig. 15(c and d),
respectively, the value of Sr increased with the DE, depicting
their dependency. The values of the ionization energy, on the
other hand, did not show regular correlation with the relative
sensitivities, which is reasonable considering that DE and DEi

showed an irregular relationship in Fig. 13. SAC:Eu generally

has the best temperature sensitivity, while CSPC:Eu has the
poorest. Although CBP:Eu has a better sensitivity than NSP:Eu
at higher temperatures, they have similar sensitivities around
ambient temperatures.

Table 5 compares the maximum value of the lifetime-based
Sr (Sr, max), the Sr value at 25 1C, and the lifetime at 25 1C
of these phosphors to other phosphors in the literature. The Sr

max of SAC:Eu compared very well to the best-reported values,
except for La2MgGeO6:Bi3+, Eu3+. Also, around B25 1C, SAC:Eu
has a decent Sr value compared to La2MgGeO6:Bi3+, Eu3+.
Materials with a very long decay time, 4100 ms, or a very short
decay time, o10 ns, are either very slow or very fast for imaging
applications. The decay time of the reported phosphors is in
the microsecond range, which can be detected using cameras
with short interframe time, making it suitable for rapid
imaging, such as in liquid and gas flows, where phosphors
can be used as tracer particles.40

The temperature resolution, dT, defined by eqn (7), is the
minimum detectable change in temperature that can detect the
slightest change in the measured parameter value.63

dT ¼ 1

Sr

dt
t

(7)

Fig. 15 Plot of (a) lifetime versus temperature, (b) relative sensitivity versus temperature, (c) maximum relative sensitivity versus activation energy, and (d)
relative sensitivity at 25 1C versus activation energy.

Table 4 Thermometric properties and the quantum yield of the phosphors

Phosphors Sr@25 1C (% 1C�1) Sr,Max. (% 1C�1) TSr
,Max. (1C) dT@25 1C dTbest TdTbest

(1C) QY (%)

CBP:Eu 0.349 1.452 172 0.05 0.01 172 19
CSPC:Eu 0.089 0.137 173 0.24 0.15 173 10
NSP:Eu 0.346 0.610 170 0.05 0.03 170 23
SAC:Eu 1.148 1.973 133 0.02 0.01 133 35
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where dt/t is the relative standard error in determining the
lifetime, and was determined by calculating the standard
deviation from 10 measurements of each phosphor’s decay
time at a fixed temperature.64

Fig. 16(a–d) shows the plot of the temperature resolution of
CBP:Eu, CSPC:Eu, NSP:Eu and SAC:Eu, respectively. The values
of the best resolution (dTbest), the corresponding temperature
(TdTbest

), and the resolution at 25 1C (dT@25 1C) for all samples
are listed in Table 4. SAC:Eu has the overall best resolution,
followed by CBP:Eu and NSP:Eu, while CSPC:Eu has the least
resolution.

The quantum yields (QYs) of CBP:Eu, CSPC:Eu, NSP:Eu, and
SAC:Eu were measured under 375, 295, 270, and 332 nm
excitations, respectively, and are listed in Table 4. The QY
values range from 10% to 35%, with SAC:Eu having the highest
value, followed by CBP:Eu, and CSPC:Eu with the lowest.
SAC:Eu exhibited the highest QY and room temperature relative
sensitivity, which is over three times higher than that of
the other phosphors, making it the overall best performer
among them.

4. Conclusion

Four thermometric phosphors, CBP:Eu, CSPC:Eu, NSP:Eu, and
SAC:Eu, were prepared, and their thermometric properties were
compared. The activation energy (DE) values and the thermal
ionization energy (DEi) of the phosphors were determined.

Table 5 Lifetime-based relative sensitivities of different phosphors and their lifetime at 25 1C

Phosphor Sr,max%/1C T (Sr,max) 1C Sr@25 1C Tau@25 1C lExc. (nm) lEmi. (nm) Ref.

Cd3Al2Ge3O12:Cr3+ 1.40 �73 — — 436 714 65
Li4GaSbO6:Mn4+ 2.82 77 1.40 440.00 (ms) 350 674 66
NaBaBi2(PO4)3:Eu3+ 0.12 210 0.067@30 1C 2.22 (ms)@30 1C 394 613 67
Sr4GaNbO8:Mn4+ 3.34 120 3.08@30 1C 135.60 (ms)@30 1C 350 716 68
Na3Sc2(PO4)3:Yb3+ 1.20 82 — — 940 980 69
KSrGdTeO6:Mn4+ 2.3233 175 0.25@50 1C 0.20 (ms) @50 1C 346 670 70
Ba3LuGa2O7.5:Bi3+ 2.21 50 1.64 335.43 (ns) 351 500 71
Ca4(PO4)2O:Eu2+,Eu3+ 2.07 20 2.00 0.80 (ms) 355 700 61
InTaO4:Cr3+ 2.27 42 1.42 4.58 (ms) 500 880 72
Sr4Al14O25:Mn4+ 1.50 147 0.21 1.55 (ms) 400 651 73
Nd0.5Y3+

0.4Yb0.1PO4 1.22 82 1.14 0.11 (ms) 808 980 74
Nd0.5Lu3+

0.4Yb0.1PO4 0.85 127 0.71 0.12 (ms) 808 980 74
Nd0.5La3+

0.4Yb0.1PO4 1.05 147 0.84 0.16 (ms) 808 980 74
Nd0.5Gd3+

0.4Yb0.1PO4 0.74 172 0.45 0.09 (ms) 808 980 74
Zn0.9Mn0.1Al2O4:Cr3+ 0.80 �13 0.78 0.04 (ms) 427 512 75
ZnGa2O4:Cr3+

0.5%,Bi3+
0.5%@SiO2 1.93 200 0.41 2.00 (ms) 430 692 76

SrZrO3:Eu3+ 0.30 187 0.01 0.45 (ms) 237 616 77
ZnGa2O4:Cr3+ 0.58 147 0.20 4.17 (ms) 406 684 78
LiGa5O8:Cr3+ 0.76 22 0.74 2.50 (ms) 406 684 78
Ga2O3:Cr3+ 0.46 97 0.35 1.11 (ms) 406 684 78
La2MgGeO6:Bi3+,Eu3+ 4.09 110 1.12 0.33 (ms) 333 402 79
Ba2LaNbO6:Mn4+ 2.77 134 0.25@27 1C 0.22 (ms) 332 681 80
Ca2SiO4:Mn2+ 4.25 102 1.55 16.00 (ms) 365 550 81
Mg2TiO4:Cr3+ 0.75 157 0.41 1.38 (ms) 473 712 82
Bi2Ga4O9:Cr3+ 1.60 450 0.42 20 (ms) 355 775 83
ScVO4:1%Bi3+ 2.83 49 2.52 2.12 (ms) 355 600 84
YVO4:1%Bi3+ 2.34 191 0.00 3.92 (ms) 355 545 84
Sr2V2O7:0.001Bi3+ 2.56 20 2.13 3.85 (ms) 355 540 85
Li4SrCa(SiO4)2:Eu2+ 15.00 300 1.00@30 1C 200.00 (ns) 363 433 86
LaSc3(BO3)4:Eu2+/Eu3+ 7.68 �23 3.50 B5.00 (ns) 345 455 87
SrB4O7:Eu2+ 10.50 �252 0.02 10.00 (ms) 300 362.4 88
CBP:Eu 1.45 172 0.349 1.19 (ms) 355 537 TW
CSPC:Eu 0.14 173 0.089 0.82 (ms) 355 450 TW
NSP:Eu 0.61 170 0.346 0.09 (ms) 355 450 TW
SAC:Eu 1.97 133 1.148 1.81 (ms) 355 600 TW

N/B: TW = this work.

Fig. 16 Temperature resolutions of (a) CBP:Eu, (b) CSPC:Eu, (c) NSP:Eu
and (d) SAC:Eu.
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The values of the DE increased in the order SAC:Eu 4 CBP:Eu
4 NSP:Eu 4 CSPC:Eu and exhibited an irregular relationship
with the DEi. Thermal ionization is the dominant mechanism
for thermal quenching in CSPC:Eu, NSP:Eu and SAC:Eu,
whereas the rates of thermal ionization and non-radiative
crossover relaxation are identical in CBP:Eu. In addition, the
maximum values of the relative temperature sensitivities (Sr,Max.)
exhibited a linear relationship with the DE. This suggests that
to obtain a high Sr, the value of DE should be maximized. Also,
the quantum yield increased in the order SAC:Eu 4 NSP:Eu 4
CBP:Eu 4 CSPC:Eu. In general, SAC:Eu offered the best overall
performance in terms of temperature sensitivity, resolution,
and quantum yield, while CBP:Eu and NSP:Eu offered relatively
similar values, and CSPC:Eu produced the poorest values. Never-
theless, all the phosphors exhibited temperature sensitivity at
ambient temperatures, and their lifetimes are in the microsecond
range, making them suitable for temperature imaging of fast-
moving objects, e.g. fluid temperature imaging.
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