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Introduction

Cr’*-doped CaMgGe,O¢ phosphors: crystal
field effects and the synergistic role of FIR
and fluorescence lifetime in multi-mode
optical thermometryt

Yosra Bahrouni,? Ikhlas Kachou,® Kamel Saidi, @ 2° Christian Hernandez-Alvarez,®
Mohamed Dammak (2 *? and Inocencio R Martin©

Luminescence thermometry has attracted growing interest for its potential in remote and non-contact
temperature sensing. Among luminescent ions, Cr* is widely studied for optical thermometry using
fluorescence intensity ratio (FIR), but its fluorescence lifetime (FL) thermometric potential remains largely
undiscovered. In this study, we present a detailed spectroscopic investigation of Cr**-doped CaMgGe,Oe,
demonstrating the complementary advantages of FIR and FL-based thermometry. X-Ray diffraction (XRD)
confirms the monoclinic phase with high crystallinity, while diffuse reflectance spectroscopy provides insight
into the crystal field strength (Dy/B =~ 1.81) and optical band gap (Eg). Under 405 nm excitation, we
systematically analyze the photoluminescence and temperature-dependent luminescence behavior. The
multi-mode thermal sensing approach reveals that FIR (/sge/l771) achieves a remarkable maximum sensitivity of
14% K1 at 390 K, with an exceptionally low temperature uncertainty (~0.11 K at room temperature),
establishing its reliability for precise temperature detection. Meanwhile, FL thermometry exhibits an even
higher maximum sensitivity of 2.5% K™ at 478 K, underscoring its strong potential as an alternative or
complementary technique. By integrating both methods, we achieve enhanced accuracy, broader
temperature coverage, and improved adaptability to various sensing environments. This work highlights the
first comprehensive demonstration of FL-based thermometry in Cr3+—doped phosphors, paving the way for
optimized multi-mode luminescent thermal sensors and reinforcing the critical role of both the host matrix
and advanced spectroscopic characterization.

dopants, enabling fast and accurate real-time temperature
measurement with sub-micrometer spatial and millikelvin

Luminescence thermometry has received considerable atten-
tion recently and is becoming a rapidly growing field of
nanotechnology, particularly for temperature measurement in
remote sensing.' This technique relies on the luminescence
properties of phosphors, such as spectral shape, emission
intensity, or the kinetics of excited states of incorporated
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thermal resolution.*® These characteristics make luminescence
thermometry a valuable complement to thermal imaging cam-
eras, which only provide surface temperature maps.

Among various luminescence thermometry approaches, the
fluorescence intensity ratio (FIR) method is widely employed
due to its self-referencing nature. Systems with two exciting
states in thermal equilibrium (strongly thermodynamically
coupled) offer high selectivity with respect to temperature.
In such systems, the population distribution between thermally
coupled states follows the Boltzmann law, ensuring a rapid
renormalization of the emission intensity when external factors
influence the overall quantum yield.*” For biological applications,
an ideal FIR-based optical thermometer requires a single-doped
material with two thermally coupled excited states that can be
efficiently excited and emit within the biological optical windows,
where tissue absorption and scattering are minimized.®® Another
widely used luminescence thermometry technique is fluorescence
lifetime (FL) thermometry, which is independent of external
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influences and relies on measuring the temperature-dependent
luminescence lifetime of excited states.'”' Combining FIR
and FL methods enhances the accuracy and reliability of
temperature measurements by providing complementary
information: FIR ensures high sensitivity in a specific range,
while FL extends the measurable temperature range and improves
robustness against fluctuations in the excitation power or
concentration.

For the development of highly sensitive phosphors, the
choice of a stable host material and an appropriate activator
with thermally coupled levels is crucial. While phosphate,">"?
borate,**** and silicate'®™® luminescent materials have been
extensively studied, germanate hosts have received compara-
tively less attention. However, germanate compounds offer
advantages such as high thermal and chemical stability, hard-
ness, and broad transparency. Furthermore, they exhibit the
ability to generate deep red emissions in the desired wave-
length range under UV and blue excitation."® The crystal
structure of germanates varies despite their similar chemical
formulas, primarily due to differences in the size of monovalent
and divalent cations, which influence bond lengths and the
crystal field strength.>™>*

The performance of inorganic luminescent materials is
determined by the combination of the host lattice and the
activator ions. Rare earth and transition metal ions have been
widely investigated as activators for near-infrared (NIR) emis-
sion. However, a major challenge in NIR-emitting materials is
the enhancement of the photoluminescence quantum yield,
particularly for 4f-4f transitions in lanthanide ions.>*>* Chro-
mium ions (Cr**), with a 3d° valence electron configuration, are
attractive alternatives due to their strong crystal field inter-
actions and tunable luminescence properties.>® Unlike the 4f
orbitals of lanthanides, the 3d electrons of Cr*' interact
strongly with the surrounding crystal field, leading to well-
defined energy level splitting, including the *A,,, *E, *T,,, and
T, states.”” The relative positioning of the *E and T, states is
highly dependent on the crystal field strength, which directly
affects the emission characteristics." Because of these proper-
ties, Cr’" is commonly doped into various inorganic hosts for
laser and luminescence applications.

Germanate-based host materials provide a weaker crystal
field environment for Cr** ions compared to silicates, leading
to red-shifted emission with potential applications in lumines-
cence thermometry. In this study, CaMgGe,Os was selected
as a host matrix, with Cr*" as the activator, to develop a novel
series of CaMgGe,0¢:0.01Cr*>" (CMGO:0.01Cr**) luminescent
materials.

In this work, we investigate the luminescence thermometric
properties of Cr’*-doped CaMgGe,Og (CMGO:Cr’") as a
potential dual-mode optical thermometer. The study explores
the structural, optical, and thermal characteristics of the
synthesized phosphors, focusing on their ability to function
as a reliable temperature sensor. By combining fluorescence
intensity ratio (FIR) and fluorescence lifetime (FL) techniques,
we aim to assess the potential of CMGO:0.01Cr>" for accurate
and robust temperature measurements. The influence of the

13416 | J Mater. Chem. C, 2025, 13, 13415-13425

View Article Online

Journal of Materials Chemistry C

crystal field environment on the luminescence properties of
Cr** ions is analyzed to understand its impact on thermometric
performance. This work provides insights into the design of
non-lanthanide-based luminescent thermometers and their
applicability in advanced temperature sensing.

Experimental section
Sample preparation

The chemical composition of CMGO:0.01Cr*" was successfully
synthesized by a high temperature solid-state reaction method.
The crude reagents CaCOj3, GeO,, MgO and Cr,0; were used
without further purification. Stoichiometric amounts of the
starting materials were first thoroughly mixed by grinding in
an agate mortar and presintered at 800 °C for 8 h in air. After
complete grinding, the presintered samples were then sintered
at a higher temperature of 1200 °C for 5 hours in air. Finally, the
samples were allowed to cool naturally to room temperature in an
oven and then ground into powders for further characterization.

Characterization

The X-ray diffraction (XRD) patterns of phosphorus were obtained
at room temperature using a Bruker D8-Advance powder X-ray
diffractometer. Monochromatic CuKal copper radiation
(1.5406 A) was used in the 26 range (20-80°). The morphology
of the samples was analyzed using a Zeiss Supra55VP FEG-SEM
and a Bruker XFlash 5030. For the determination of the UV-
vis-NIR absorption, a UV-vis-NIR spectrometer (PerkinElmer
Lambda 365) was used.

A high-resolution CCD detector (Avantes) was used to detect
the emission spectra. Spectra Physics 3900S was used for
405 nm excitation and a Linkam (THMS600) for sample heat-
ing. Decay curves were obtained using a 200 MHz LeCroy
WS424 oscilloscope, a Hamamatsu R928 photomultiplier tube
(PMT), and a tunable EKSPLA/NT342/3/UVE 10 ns pulsed laser
(optical parametric oscillator - OPO) operated at a repetition
rate of 10 Hz as the excitation source.

Results and discussion

Structural and morphological analysis of the obtained
materials

To confirm their composition and morphology, the synthesized
particles were subjected to extensive analysis. X-Ray powder
diffraction measurements showed that the synthesized sample
was composed of a single phase, with no occurrence of appear-
ance phases. The XRD patterns, both experimental and calcu-
lated by Rietveld refinement, are shown in Fig. 1a for
CMGO:0.01Cr*". The structural data given in ref. 28 were used
as the starting model for the Rietveld calculations. There was
good agreement between the experimental and calculated
patterns, resulting in satisfactory fit factors. The monoclinic
system and the space group C2/c were confirmed.>® Table S1
(ESIT) shows a summary of the structural parameters derived
from the Rietveld refinement of the samples illustrated.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5tc01229e

Published on 04 June 2025. Downloaded on 1/31/2026 2:27:33 PM.

Journal of Materials Chemistry C

(@) (b)

o Experimental Data
Cakulated Data
Difference Plot
Bragg Positica

Intensity (a.u)

I U O b N ) ' ' T
A'v = g
10 20 30 40 50 60 70 L

20(degree)
(©)

Fig. 1 (a) Rietveld refinement of XRD patterns. (b) Visual crystal structure.
(c) The potential occupancies of doped ions in a polyhedron. (d) SEM
image of the CMGO:0.01Cr** sample.

Depending on these experimental results, the crystal structure
of CaMgGe,0Os is depicted in Fig. 1b. It is made up of [CaOg]
dodecahedrons, [MgOs] octahedrons and [GeO,4] tetrahedrons.
Each type of polyhedron is linked by common oxygen atoms to
form an infinite chain parallel to the c-axis. Consider the ionic
radii of Ca®" (1.12 A, coordination number (CN) = 8), Mg?* (0.72 A,
CN =6), Ge*" (0.39 A, CN =4) and Cr*" (0.615 A, CN = 6).*° Since the
appearance of the emission spectra of this transition metal ion is
sensitive to changes in the crystal field strength, this can strongly
influence the spectroscopic properties of the Cr*" ions. In accor-
dance with the above description, Cr** ions could be substitutes
for Mg®" ions (polyhedral representation), as shown in Fig. 1c.
In addition, the energy difference between the electron configu-
ration of the particular ligand field and the isotropic field is
referred to as the crystal field stabilization energy (CFSE). The
CFSE is large for ions with an electronic configuration of d* and d®
ions in the octahedral ligand, so the Cr*" site has a preference for
octahedral sites. Thus, we suggest that Cr** ions substitute for
Mg** to form [CrOg] octahedrons.>
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The size of the individual particles formed is generally in the
micrometer range (~1 um) as shown by the SEM images of the
synthesized luminophores (Fig. 1d). The agglomerated mor-
phology with a broad size distribution is achieved using solid-
state synthesis.

Optical characterization

UV-visible diffuse reflectance analysis. The UV-visible diffuse
reflectance spectrum of the sample was measured in the 200~
800 nm range and is illustrated in Fig. S2a (ESIt). The absorp-
tion band at 245 nm is due to the band-to-band transition of
CMGO. The absorption edges at 403 and 533 nm are attributed
to the Cr** d-d transition.*> The diffuse reflectance spectra are
used to estimate the optical band gap of the phosphors using
the Tauc formula and Kubelka-Munk theory. This is done by
converting the reflectance to the Kubelka-Munk function using
the following relation.**>*

(1-R? K
FR)="—p—=35 1)
where R is the spectral diffuse reflectance and K and S are the
absorption and scattering coefficients. The Tauc formula for
the direct band gap is obtained using

ahv = c(hv — Eg)'""? (2)

where hv is the energy of the emitted photon, « is the absorp-
tion coefficient, ¢ is a constant, and E, is the band gap. The
Kubelka-Munk function can be calculated by replacing o by
F(R..)- The plot of the [h(R.,)]* as a function of Av is used to
obtain the bandgap. As can be seen in Fig. S2b (ESIY), the
bandgap value obtained (~4.25 eV) is close to the reported
bandgap values for CMGO, confirming that it is a wide bandgap
semiconductor.*

Luminescence properties and crystal field analysis: the
Tanabe-Sugano diagram. The photoluminescence excitation
(PLE) spectrum by monitoring the emission intensity at
704 nm of CMGO:0.01Cr*" was measured (Fig. 2a). There are
two absorption bands in the PLE spectrum, peaking at 427 and
589 nm, which should be attributed to the spin-allowed
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Fig. 2 (a) Excitation spectrum when monitoring the emission at 704 nm. (b) Emission spectrum upon excitation at 405 nm of CMGO:0.01Cr>*.

This journal is © The Royal Society of Chemistry 2025
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transitions ‘Ayy; — Ty, (‘F) and "A,; — Ty (‘F).°**” Upon
405 nm excitation, the PL emission spectrum is composed of
three sharp luminescence lines due to the *T; —“A, transitions
at 589 nm,*® the spin-forbidden E — “A, transitions (R-lines)
at 696 and 704 nm and a broad luminescence band centered at
about 771 nm due to the spin-allowed electronic transition
from the excited state “T,, (‘F) to the ground state *A,, (‘F), as
shown in Fig. 2b.>**°

Furthermore, it is well known that the R line of the Cr** zero
phonon is mainly affected by the side band vibration. It is
noteworthy that the anti-Stokes (696 nm) disappears in the PL
spectra, while the Stokes remains at 704 nm. The red shift of
the PL is related to the variation of the crystal field according to
previous work.*’ This indicates that the crystal field was
weakened by the stretching of the Cr—O bonds. The estimation
of the crystal field (Dy) and the ray parameter (B), using the
Tanabe-Sugano diagram shown in Fig. 3b, in the crystal con-
ditions is given by using the following formula:*>*?

AE = E(*A, — 'Ty) — E("A, — 'T,) (3)
AS = E(*A, — 'Ty) — E(*A, — 'T) (4)
AS
10 x Dg = E(*As — *Ty) — 5 (5)
D, 15(x—28)
B x2—10x ©)
AE
X =—
Dq

where B is the Racah parameter, Dg is the crystal field splitting
energy, AE is the energy difference between A, - *T, and
‘A, — T, based on the PLE spectrum, and AS is the Stokes

(a) (b)

E/B

Fig. 3
the CMGO:0.01Cr** samples.
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shift, which can be calculated from the excitation band of
‘A, — T, and the emission band of ?’E — “A,. In agreement
with previous relations are the estimated values of B =
685 cm ', Dy = 1254 cm™ ! and Dy/B = 1.84. Thus, the Cr*" ions
are located in a weak crystalline field in the CMGO host, a case
where sharp and broader peaks coexist. If the Cr** ions were in
a weak crystal field, the energy interval between the ground
(*A,) and excited states (*T; and “T,) would be smaller, resulting
in a red shift in the Cr** d-d transition. Indeed, the intensity of
the crystal field is strongly influenced by variations of the
cation-oxygen-anion distance caused by lattice vibrations,
defects and local structure distortions.****

To further study this mechanism, we explain thermal
quenching on the basis of conformational coordinates as
follows. The luminescence spectra of Cr’*-doped materials
result from d-d electronic transitions; in the case of transition
metals with the 3d* electronic configuration observed for Cr*",
depending on the intensity of the crystal field of the host
material, the spectrum is dominated either by a narrow *E —
*A, emission band (strong crystal field) or by a broad T, — “A,
emission band for the weak crystal field (Fig. 3a). Bearing in
mind, the fact that the analyzed structures contain perfect
octahedral sites of Mg>*/Ca®>" ions the observed changes in
the shape of the emission spectra and the gradual increase in
the intensity of the *T, — “A, band relative to the ’E — “A,
band can be directly correlated with the change in the strength
of the crystal field resulting from the extension of the Cr’**-0>~
bond length.***’

Temperature dependence of the PL spectra

The temperature-dependent PL emission spectra of the Cr**-
doped CMGO system were analyzed with the dual aim of

4T, 2,
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.'(’ /
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(a) Schematic configurational coordinate diagram. (b) Tanabe—Sugano energy level diagram in which the straight lines indicate the crystal fields of
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analyzing the thermal response and investigating in detail the
electronic configuration and the parameters describing the
coupling with the phonon lattice. The spectra in Fig. 4a show
the strong thermal quenching of the system with increasing
temperature. The trend shows a strong decrease of the broad
emission of *T, with respect to the spin-forbidden R-line
emission with increasing temperature, The extinction tempera-
ture is in the range of 298-450 K according to the integrated PL
intensity trend “T,, suggesting a thermally activated process
between the excited states.*®

With a further increase in temperature from 298 K to 450 K,
the emission intensity of CMGO0:0.01Cr*" gradually decreases
for the levels (*T, —“A,) but gradually increases for the levels
(*T; —"A,), showing an opposite temperature dependence.
Moreover, the latter considers the background contribution to
the signal from other emission processes. The trend shows a
strong decrease of the broad emission of “T, with respect to the
spin-forbidden R-line emission with increasing temperature,
suggesting a thermally activated process between the excited
states.*’

As the light intensity of Cr** ions decreases with increasing
temperature, the color of the CMGO luminophores is believed
to change under UV excitation. In other words, the color of the
luminophores can be modified by temperature control. In order
to further study the color change visually, we note that when
the temperature gradually increases from 298 K to 450 K, the
color of our samples changes significantly from violet to red
and the brightness continues to decrease. Reflecting the good
stability of the Cr** ion, the results indicate that the tempera-
ture can be qualitatively determined by observation of the
thermal discoloration behavior (Fig. 4b).

The important advantage of using the intensity ratio as a
measure of the temperature of a thermally coupled system is
that the population of each level is directly proportional to the
total population. This makes the luminescence intensity ratio
independent of the excitation intensity, since a change in the
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total population due to a change in excitation will affect the
population of each level to the same extent. Eqn (7) was used
for the fitting of the experimental results.’*”"

—-B
FIR = 4 X exp <T) +C (7)

where, A, B and C are constants. T is the absolute temperature
and C is a constant offset.

The thermal equilibrium for FIR (589/771) and FIR (704/771)
thus suggests that the Cr** substitution in the Mg”* octahedral
site leads to the splitting of the E state into two R lines due to
the low symmetry site. The solid line in Fig. 5 shows the fit
using eqn (7). In particular, the energy gap AE was computed as
1814.4 cm™ " and 2123.7 cm ™. There was a good linear function
between the two energy levels. These results strongly suggest
that the sample of CMGO:0.01Cr’>" could be used to reflect the
variation in temperature.

In order to estimate the thermometric sensitivity, the abso-
lute sensitivity (S,) and the relative sensitivity (S,), which reflect
the rate of variation of the FIR parameter with temperature,
were quantified using the following equations:***

’8FIR‘ 1 |6FIR
r

Sa= 1557 ~FIR| oT (8)

The S, values obtained first increase at a temperature of 370 K
and then decrease for FIR (589/771), while the S, values
decrease continuously for the FIR (I;04/I;71) of CMGO:0.01Cr*".
For 405 nm excitation, the high values for S, are 1.4% and
0.7% K, respectively (Fig. 6).

As can be seen in Fig. S3 (ESIt), the experimental tempera-
ture of the uncertainty was carried out by measuring the 100
spectra at 298 K under similar conditions, as the operation of
the sensor is additionally dependent on the estimation of the
temperature resolution. The temperature resolution values are
generally distributed in a Gaussian pattern around room tem-
perature. In this case, the standard deviation is 0.1 K. In order

@ ®) CIE 1931

CMGO0:0.01 Cr**

Intensity(a.u)

600 700 800 900 1000 1100
Wavelength (nm)

520 CMG0:0.01 Cr**

08

Fig. 4 (a) Temperature dependence of the PL emission spectra from 298 to 450 K. (b) CIE chromaticity diagram of the CMGO:0.01Cr** phosphor

excited at various temperatures.
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Fig. 5 FIR thermometry depending on CMGQO:0.01Cr**. (a) FIR (Isgg/771) and (b) FIR (l704/774) in the studied range of temperature (298-450 K).
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Fig. 6 The dependence of absolute sensitivity (S.) and relative sensitivity (S,) with temperatures of (a) Isgs/l771 and (0) 70/l for CMGO:0.01Cr>*.

to evaluate the high temperature performance of different
luminophores, we have summarized the maximum relative
temperature sensitivities S, at the highest temperature values
for the luminescence thermometers, as shown in Table 1. These
results highlight the potential of CMGO:0.01Cr*" as an excellent
candidate for optical temperature sensing applications, parti-
cularly in the context of multi-mode thermometry.

Temperature-dependent decay

The decay curve of the CMGO:0.01Cr*" phosphor was obtained
by excitation at 405 nm and monitoring the emission wave-
length at 704 nm (Fig. 7a). The double exponential fit (DEF) is
often used when the emission from optically active ions is
localized in two different crystallographic positions from the
point of view of local point symmetry. In this case, the DEF was

13420 | J. Mater. Chem. C, 2025, 13, 13415-13425

Table 1 Comparison of the temperature measurement performance of
Cr**-doped radio metric thermometers

Materials Temperature range (K) S; (% K™") T, (K) Ref.
o Ga,04:Cr* 200-450 1.05 300 54
Bi,Ga,00:Cr*"  80-600 0.7 90 42
MgSio,:Cr* 200-350 0.7 310 55
Y;Al0,,:Cr%" 123-573 0.55 384 56
LiGasOg:Cr’*  200-600 0.83 447 57
LiGasOg:Cr** 300-463 0.59 386 58
ALO,:Cr** 292-923 0.9 450 59
Ga,05:Cr" 298-563 0.46 370 60
ZnGa,0;:Cr’*  298-563 0.58 420 60
CaMgGeZOG:Cr3+ 298-450 1.4 390 This work

used with a good correlation between the experimental decay
and the fit. The lifetime values of the fast (r;) and slow (t,)

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5tc01229e

Published on 04 June 2025. Downloaded on 1/31/2026 2:27:33 PM.

Journal of Materials Chemistry C

View Article Online

Paper

(b)

0,020 -+

0,015 <

Normalized Intensity

M

It
{

i
M*'I"

i ' ¥ "
hl'”"if‘v‘h I

Il 14 Ul IR0

0 10 20 30 40 50 60 70 80 90
Time (ms)

d
o
-
o
1

Lifetime(ms)

0,005 <

L) L] T L] T
100 300 350 400 450 500 550
Temperature (K)

Fig. 7 (a) Decay profiles of CMGO:0.01Cr** measured in the range of temperature 298-578 K. (b) The average emission lifetime as a function of

temperature.

components were determined using the following fitting for-
mula, which describes the double exponential function:*!

I:IO +Alef(t7to)‘r1 +A2e7(tfto)7:2 (9)

where I, is the initial intensity of the luminescence, 4; and 4,
are the pre-exponential factors, and (¢t — ¢,) is the difference
between the initial time of the measurement after the excitation
pulse ¢, and the time ¢.

The Cr** excitation lifetime is an average lifetime value
based on the *E and “T, excitation state population. As the
temperature increases, the electrons gain enough energy to
repopulate the higher T, state and the population of the *T,
state starts to increase and at the same time the population of
the *E state starts to decrease. Thus, *T, — *A, is dominant over
’E — “A,. The decay rate of the ’E state is slower than that of
the “T, state. Consequently, the lifetime decreases with increas-
ing temperature.®>"**

The emission lifetime reflects the decay of the excited state
population of Cr** ions and decreases with increasing tempera-
ture due to enhanced non-radiative relaxation mechanisms as
shown in Fig. 7b.

Two different environments have been occupied by the
doped ions. Ions with shorter lifetimes (z,) are located at the
surface or near the defect site and ions with longer lifetimes (t,)
are situated in the center of the crystallite site and far from the
defect site. In this context, the average lifetime was estimated
using the formula:®*

At 4 Ayt

T=— == 10
Aty + Arty (10)

Since a low activation energy facilitates non-radiative
quenching of the °E state, the results obtained are more or
less in line with the expectations. An increase in temperature
results in a progressive shortening of the lifetime, as can be
seen for CMGO:0.01Cr*" microcrystals (see Fig. 8a for other

This journal is © The Royal Society of Chemistry 2025

luminophores). This dependence is an indication that the
microcrystals can be used for non-contact temperature detec-
tion. In order to quantify the observed thermal changes, the
relative sensitivities (S;) of the investigated LTs were deter-

mined according to the following formula:®*°”
1 AX

where X is the temperature related time parameter (in this case
the mean decay time) and AX is the change in the X parameter
with temperature change AT. The thermal evolution of the Sg,
shown in Fig. 8b, reveals that a single maximum curve can be
observed for almost all of the microcrystals studied. The value
of the S, maximum and the temperature of its occurrence
depend on the host material and vary in the following way
CMGO (2.5% K" at 578 K).

To analyze the performance of a sensor, one important
parameter is required in addition to the sensitivity, which is
called the temperature uncertainty or the minimum thermal
resolution. This parameter can be estimated using the equa-
tion:®®

1D

0T =
Sy D

(12)
where 67T is the uncertainty in the temperature, S, is the relative
sensitivity, and 8D/D is the uncertainty in the determination of
the thermometric parameter (which has a specific value of
0.005 for any portable detector).”>”® For the lifetime-based
maximum sensitivity at 450 K, the uncertainty is evaluated to
be 1.3 K (Fig. S4, ESIt).

The work presented in this article demonstrates that the use
of Cr*" dopants, each having a different quenching rate and
energy flowing in the electronic level with little interference
with each other, is an attractive way to design luminescence
thermometers that operate over a wide temperature range.
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Fig. 8 (a) Thermal evolution of the mean decay times for Cr®*-doped CMGO. (b) Relative sensitivities as a function of temperature.

Table 2 Comparison of relative sensitivities obtained for Cr** in different
hosts using lifetime-based luminescent thermometers

S r max Tmax ;“ex }~em
Luminescent thermometer (% K™ ') (K) (nm) (nm) Ref.
GC CaF,:Cr** 0.47 573 464 1000 71
LaFs:Er*!, Yb*'/Ga,05:Cr*"  0.66 500 400 720 72
GC Ga,0;:Cr*" 0.46 370 406 687 73
CaF,:Er*'/znAl,0:Cr** 0.67 535 396 690 74
MgGa,0,:Cr** 1.77 450 436 707 49
ZnGa,0:Cr*" 1.84 450 436 696 75
Bi,Al,04:Cr*" 2.13 550 600 705 66
CaMgGe,0¢:Cr** 2.5 578 405 704  This
work

Using this approach, a CMGO:0.01Cr*" phosphor thermometer
has been developed with an exceptional operating range of
298 — 578 K, with reasonable S, values over this range while
preserving reasonable thermal resolution.

Table 2 shows that the sensitivity of our samples is higher
than the values reported so far in other host materials. It is
evident from the comparative analysis, that the CMGO:0.01Cr**
phosphor synthesized in this work exhibits unique thermo-
metric properties in the temperature range of 298-578 K.
In particular, it has an exceptionally high relative sensitivity
(St mayx) Of 2.5 K. This S, may value is higher than that of any of
the other materials in the comparison and makes it particularly
promising for applications where high temperature resolution
and accuracy are required. The combination of a moderate
temperature range, improved relative sensitivity and stable
luminescence intensity make CMGO:0.01Cr** a competitive
candidate for advanced optical thermometry applications
where high accuracy is critical.

Conclusion

The Cr’**-doped CaMgGe,0q (CMGO:0.01Cr*") phosphors were
successfully synthesized using a microparticle-enhanced solid-
state method. X-Ray diffraction (XRD) confirmed the formation

13422 | J Mater. Chem. C, 2025, 13, 13415-13425

of a phase-pure monoclinic structure with high crystallinity.
The luminescence properties were found to be strongly temperature-
dependent, primarily governed by the spin-forbidden *E, — *A,y
and spin-allowed "T,; — *A,, transitions of Cr*', enabling highly
precise optical thermometry. This study highlights the impor-
tance of a dual-mode thermometric approach, combining
fluorescence intensity ratio (FIR) and fluorescence lifetime (FL)
techniques to enhance calibration accuracy and measurement
reliability.

The self-referenced luminescence thermometry achieved by
FIR (Isgo/l,7,) demonstrated a high relative sensitivity of 1.4% K™
at 390 K, with an exceptionally low temperature uncertainty (87 =
0.11 K), making it a reliable method for precise temperature
detection. More importantly, the integration of FL thermometry
significantly improved the performance, achieving a maximum
relative sensitivity of 2.5% K ' at 578 K, along with the lowest
temperature uncertainty of 1.3 K. The synergy between FIR and FL
not only enhances sensitivity (S,, S,) but also refines the precision of
the optical thermometer, addressing critical challenges in tempera-
ture sensing. These results establish Cr*-doped CMGO as a
promising alternative to lanthanide-based phosphors, providing
an efficient and cost-effective solution for luminescence thermo-
metry. By demonstrating the feasibility of Cr*"-activated phosphors
for dual-mode thermometry, this work paves the way for further
advances in transition metal-based optical temperature sensors
and promotes their integration into next-generation high-precision
thermal sensing applications.
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