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al temperature sensing using
Dy3+/Sm3+ co-activated Ba2ZnSi2O7 phosphor with
tuneable sensitivity

Tejas,a A. Princy,b S. Masilla Moses Kennedyb and Sudha D. Kamath *a

This study reports the synthesis and characterization of a novel Ba2ZnSi2O7:Dy
3+, Sm3+ phosphor designed

for optical temperature sensing applications. The material was successfully prepared using a high-

temperature solid-state reaction method. X-ray diffraction (XRD) confirmed a monoclinic crystal

structure with high phase purity. Photoluminescence (PL) spectroscopy identified 1 mol% Sm3+ as the

optimal doping concentration for efficient luminescence, and significant energy transfer from Dy3+ to

Sm3+ was observed and quantified. Diffuse reflectance spectroscopy (DRS) indicated a widened bandgap

due to a shift in the conduction band upon co-doping. Scanning electron microscopy (SEM) revealed an

agglomerated morphology, while FTIR analysis confirmed the structural integrity of the host lattice after

doping. Under 403 nm excitation, the activation energy for thermal quenching of Sm3+ emission was

determined to be 0.19 eV. The fluorescence intensity ratio (IDy/ISm) displayed strong temperature

dependence between 303 K and 483 K, achieving a maximum relative sensitivity of 7.19% K−1 at 403 K.

Additionally, Sm3+ lifetime measurements showed a high temperature-dependent sensitivity, with

a maximum of 1.10% K−1 at 303 K. These results highlight the material's excellent potential for high-

performance optical temperature sensing.
1. Introduction

Temperature, as a fundamental thermodynamic factor, plays
a crucial role in the functioning and durability of both natural
and engineered systems, across all scales. Even small uctua-
tions in temperature can have a signicant impact on various
engineering and biological activities.1,2 Consequently, precise
and reliable temperature measurements are vital in numerous
scientic and technological areas. It is therefore unsurprising
that temperature sensors account for approximately 80% of the
global sensor market, which, according to Grand View
Research, is projected to reach a value of 8.0 USD billion by
2028.3

Currently, non-contact thermal sensing techniques that
utilize changes in the optical properties of materials are
considered among the most promising methods for tempera-
ture measurement. Various optical approaches, including
infrared thermography, pyrometry, and luminescent ther-
mometry, have been explored for developing advanced thermal
sensors.4,5 While thermography is widely used, it is an expensive
and complex technique with notable limitations.6,7 For example,
it only measures surface temperature, even for transparent
objects in the visible spectrum, and its accuracy depends
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heavily on the emissivity of the object. Similarly, pyrometers are
limited by a relatively low accuracy in temperature readings,
typically around ± 5 °C.8 In contrast, luminescence thermom-
etry overcomes these challenges, offering exceptional precision
in both temperature measurements and mapping of tempera-
ture distribution. This method provides continuous, real-time
thermal readings with high spatial and temperature resolu-
tion, and it is versatile, resistant to electromagnetic interfer-
ence, and capable of functioning in harsh environments.9

Luminescence thermometry works by monitoring changes in
luminescent properties such as emission intensity, intensity
ratios, decay time, shis in the peak luminescence wavelength,
or variations in the bandwidth.10–13

Rare-earth (RE) luminescent materials have garnered
signicant interest due to their diverse applications in elds
such as articial lighting, X-ray medical imaging, lamps, display
technologies, and high-power solid-state lasers.14 Among these,
RE doped silicates are highly regarded as host materials due to
their excellent chemical stability, adequate thermal conduc-
tivity, and moderate light emission. Thermographic phosphors
(TGPs) are specialized phosphors designed for use in phosphor
thermometry. Research in phosphor thermometry typically
focuses on two primary methods: lifetime decay method15,16 and
the intensity ratio method.17–19 The intensity ratio method has
gained more widespread use, as it helps eliminate noise caused
by uctuations in the excitation light source, temperature-
induced changes in excitation bands, and variations in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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dopant concentrations.20 RE ions with 4fn electronic congu-
rations having a weak electron–lattice interaction with different
quenching channels may induce signicant temperature-
sensitive FIR to get a higher temperature sensitivity.14 Dyspro-
sium (Dy3+) and Samarium (Sm3+) were doped into host to get
higher sensitivity. The temperature-dependent uorescence
lifetime of Dy3+ employed as lifetime-mode optical thermometry
should also be investigated to explore its latent applications in
bioscience. This means if we co-dope Dy3+ ions with one kind of
RE ions into host, we may obtain a kind of phosphor with dual-
mode temperature sensing function. Samarium has a complex
energy level structure, with ground state 6HJ and

6FJ multiplets,
along with an excited 4G5/2 level, enabling uorescence in the
visible and near-infrared regions. The emission of Sm3+ ions
from intra-4f shell transitions is highly efficient, making them
crucial in luminescent processes.21,22 Among these, there are
some of the reported works Ba2ZnSi2O7:Eu

3+, B3+,23 Ba2ZnSi2-
O7:Eu

2+, Dy3+,24 Ba2ZnSi2O7:Ce
3+, Eu3+, Eu2+,25 and Ba2ZnSi2-

O7:Ce
3+, Tb3+.26 Based on the existing literature, previous

studies on Ba2ZnSi2O7 based phosphors have primarily focused
on LED applications with various dopant combinations.
However, to the best of our knowledge, no work has been re-
ported on the use of Ba2ZnSi2O7:Dy

3+, Sm3+ for optical ther-
mometry. This study presents the rst investigation of this dual-
doped system for temperature sensing, highlighting its novel
application and promising performance in optical
thermometry.

In this work, Ba2ZnSi2O7:Dy
3+, Sm3+ phosphors were

synthesized using the solid-state reaction method. Various
characterization techniques were employed to explore and
analyze their optical, thermal, structural, and morphological
properties. We conducted a detailed examination of the ther-
mally stimulated delayed photoluminescence and room-
temperature photoluminescence (PL) spectra. Additionally, we
investigated the nonradiative cross-relaxation mechanism,
energy transfer processes, thermal stability, and temperature-
dependent photoluminescence characteristics, particularly
focusing on their potential applications in non-contact optical
thermometry.
2. Experimental details
2.1. Methodology

The phosphor was synthesized through a solid-state reaction
method using high-purity reagents BaCO3 (barium carbonate,
99%), ZnO (zinc oxide, 99%), SiO2 (silicon dioxide, 99%), Dy2O3

(dysprosium oxide, 99.99%), and Sm2O3 (samarium oxide,
99.99%). The desired stoichiometric amounts of these chem-
icals were carefully weighed and mixed in a mortar. The stoi-
chiometry was taken from balanced chemical equation given
below,

4Bað1�x�yÞCO3 þ 2ZnOþ 4SiO2 þ xDy2O3

þ ySm2O3/2Ba2ð1�x�yÞZnSi2O7

: xDy3þ; ySm3þ þ 4CO2 þ
�
3

2

�
xO2 þ

�
3

2

�
yO2 (1)
© 2026 The Author(s). Published by the Royal Society of Chemistry
The mixture was ground for 1 hour to ensure thorough
homogeneity of the components. Aer grinding, the powder
was transferred to an alumina crucible and subjected to a high-
temperature treatment to promote the solid-state reaction. The
heating process was carried out in a muffle furnace, with
a heating rate of 4 °C min−1 to a target temperature of 1200 °C.
The sample was held at 1200 °C for 6 hours to allow complete
reaction and formation of the phosphor phase. Aer the heat
treatment, the synthesized material was allowed to cool to room
temperature inside the furnace. The resulting phosphor was
then collected and characterized for further analysis. The
detailed study of the Dy3+ ions in Ba2ZnSi2O7 host was explored.
The concentration of dysprosium ions was optimized in our
previous reported work.27 The optimized concentration of Dy3+

ion was 1.5 mol% which is xed in this study and varied the
concentration of Sm3+ ions to study their properties.27
2.2. Characterization techniques

The crystal structure of the synthesized sample was determined
using X-ray diffraction (XRD) analysis. The measurements were
performed on a Rigaku MiniFlex 600 X-ray diffractometer (5th
generation), employing nickel-ltered Cu Ka radiation (l =

1.540 Å) over a 2q range of 20° to 80°. The lattice parameters
were calculated using the FullProf suite of programs. Scanning
electron microscopy (SEM) imaging and energy dispersive
spectroscopy (EDS) were conducted using a ZEISS EVO MA18
SEM equipped with an Oxford X-act detector for morphological
and compositional analysis. Diffuse reectance spectra (DRS)
were recorded using a PerkinElmer Lambda 950 UV-vis spec-
trophotometer. Fourier transform infrared (FTIR) spectra were
collected on a Shimadzu FTIR instrument. Photoluminescence
excitation (PLE) and photoluminescence (PL) spectra were ob-
tained using a Jasco FP-8500 spectrouorometer with a Xenon
ash lamp as the excitation source. Thermal analysis was per-
formed with a PerkinElmer TGA 4000 thermogravimetric
analyzer. For temperature-dependent photoluminescence life-
time and emission spectra, an Agilent Cary Eclipse Fluorescence
Spectrophotometer with an integrated heater was utilized.
3. Results and discussion
3.1. X-ray diffraction crystal structure studies

The X-ray diffraction patterns for the Ba2ZnSi2O7:1.5 mol% Dy3+

phosphors co-doped with varying concentrations of Sm3+ (y =

0.2, 0.5, 1, 2, 3 mol%) are shown in Fig. 1. The results clearly
reveal that all the diffraction peaks match those of the standard
Ba2ZnSi2O7 JCPDS card 23-0842, conrming that the Ba2ZnSi2-
O7 has been successfully synthesized.28 Furthermore, the
doping of Dy3+ and Sm3+ does not alter the crystal phase of
Ba2ZnSi2O7. As seen in Fig. 1, there are no additional peaks,
indicating that the incorporation of Dy3+ and Sm3+ does not
cause any major structural changes to the Ba2ZnSi2O7 crystal
but we can observe small shi in the XRD pattern that might be
due to the incorporation of dopants into host sites. Although
XRD is an effective method for identifying phases, it should be
noted that it might not be able to identify small impurity phases
RSC Adv., 2026, 16, 9180–9200 | 9181
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Fig. 1 XRD patterns of Ba2ZnSi2O7:1.5 mol% Dy3+, ySm3+ (y = 0.2, 0.5, 1, 2, 3 mol%) with standard card of Ba2ZnSi2O7 as a reference.
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below about 2–3 weight percent. The wide-angle scan's lack of
unknown peaks and strong match to the reference phase,
however, indicate that any such impurities if any are below the
detection threshold and unlikely to have a substantial impact
on the optical characteristics. The phase purity of the produced
samples is further supported by the regulated synthesis proce-
dure, ideal stoichiometry, and steady photoluminescence
activity. To understand the unchanged XRD patterns aer
doping, we calculate the allowed radius percentage difference
(DR). This value indicates the maximum permissible difference
in ionic radii for a successful substitution of the dopant ion.
The DR threshold is typically set at 30%, meaning that if the
calculated DR value is below this limit, the dopant ion is likely to
replace the host ion. The DR percentage is determined using
a specic formula,29

DR ¼
����R1ðCNÞ � R2ðCNÞ

R1ðCNÞ
����� 100 (2)

The ionic radius of the dopant is represented as R2, while the
ionic radius of the host cation is R1, and CN refers to the
coordination number of the ions. By using the atomic radii of
both the host and dopant ions, we have calculated the DR values
for various combinations. The results of these calculations are
presented in Table S1.

Table S1 clearly shows that DR values for Ba2+ and Dy3+

ranges from 0.74% to 51.93% and Ba2+ and Sm3+ ranging from
5.67% to 49.82%. Based on the results, it can be concluded that
replacing Ba2+ (atomic radius of 1.35 Å) with Dy3+ (atomic radius
9182 | RSC Adv., 2026, 16, 9180–9200
1.02 Å) and Sm3+ (atomic radius 1.07 Å) is feasible, as the DR

values for these substitutions are signicantly low.30

We performed Rietveld renement on the
Ba2−x−yZnSi2O7:xDy

3+, ySm3+ (x = 1.5, y = 1 mol%) phosphor to
analyze its crystal structure. The renement yielded a conver-
gence with Rwp = 26.2%, Rp = 26%, and c2 = 1.66, conrming
that Dy3+ and Sm3+ ions have successfully been incorporated
into the host lattice. Table S2 shows the rened structural
parameters. The rened structural parameters are as follows:
a = g = 90°, b = 110.92°, and lattice dimensions a = 8.5161 Å,
b = 10.8727 Å, c = 8.5612 Å and V = 740.4184 Å3. The Rietveld
renement of the optimized phosphor is shown in Fig. 2. The
rened parameters are listed in Table 1. The crystal structure of
Ba2ZnSi2O7:1.5 Dy

3+, 1 Sm3+ belongs to the C2/c space group and
has a monoclinic conguration.31 The crystal structure can be
visualized using VESTA soware.

Fig. 3 shows the crystal structure of Ba2ZnSi2O7:Dy
3+, Sm3+

phosphor. The crystallite size and lattice strain are determined
using the Debye–Scherrer method, a straightforward technique
for analysing peak broadening and calculating crystallite size.
To nd the average crystallite size, the Full Width at Half
Maximum (FWHM) value of the main peaks is used in the
calculation, following eqn (3),32

DD-S ¼ kl

bDcosq
(3)

The crystallite size (DD-S) is calculated using a formula where
k is the shape factor, valued at 0.9, l is the wavelength of Cu-Ka
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Rietveld refinement for the Ba2−x−yZnSi2O7:1.5 mol% Dy3+, ySm3+ (y = 1 mol%) phosphor.

Table 1 Refined parameters of Ba2ZnSi2O7:1.5 Dy3+, 1 Sm3+

phosphors

Sample Ba2−0.015−0.010ZnSi2O7:1.5 Dy3+, 1 Sm3+

Symmetry Monoclinic
Space group C2/c
Centrosymmetric Centric
a (Å) 8.5199
b (Å) 10.8548
c (Å) 8.5369
a (°) 90.000
b (°) 110.9055
g (°) 90.000
Z 8
V (Å3) 737.5372
Density (g cm−3) 4.577
RP 11.8
RWP 14.8
c2 1.99
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radiation, set at 1.54 Å, bD represents the Full Width at Half
Maximum (FWHM), and q is the diffraction angle. The esti-
mated crystallite sizes are provided in Table S3. To analyze the
isotropic crystal structure, the size–strain approach is used.33

This method also helps estimate the size and strain of the
particles. The Size–Strain Plot (SSP) analysis shown in Fig. S1,
the lattice strain is explained by a Gaussian function, while the
crystallite size is claried by a Lorentzian function.34

ðdhklbcosqÞ2 ¼ K

DSSP

�
dhkl

2
bcosq

� þ
�3SSP

2

�2

(4)
© 2026 The Author(s). Published by the Royal Society of Chemistry
By plotting (dhklb cos q)2 against (dhkl
2b cos q) as shown in

Fig. S1, the crystallite size and apparent lattice strain are
determined from the slope and intercept of the linearly
extrapolated data, respectively. These values are then listed in
Table S3. We can observe that through both methods the
average crystallite size was found to be 0.0211 mm z 21 nm.
Average is also found to be 0.0165.
3.2. Photoluminescence studies

We have doped Dy3+ ions in Ba2ZnSi2O7 matrix with different
concentrations ranging from 1 to 2 mol% and 1.5 mol% was
found to be optimum concentration which is reported in our
previous work.27 To the optimized concentration of Dy3+, we co-
doped different concentration of Sm3+ (y = 0.2, 0.5, 1, 2, and
3 mol%) in Ba2ZnSi2O7 matrix. The room temperature PL exci-
tation spectra is shown in Fig. 4(a). The excitation spectra
comprise of four different peaks 345, 361, 375 and 403 nm
corresponding to 6H5/2 /

4H9/2,
6H5/2 /

4D3/2,
6H15/2 / 6P7/2

and 6H15/2 / 4P3/2.35 Among all the identied peaks, the exci-
tation peak with the strongest intensity was observed at 403 nm.
This peak corresponds to the transition of Sm3+ ions from the
6H5/2 state to the 4P3/2 state. Therefore, to obtain the emission
spectra for each synthesized phosphor, we chose 403 nm as the
excitation wavelength. Fig. 4(b) shows the PL emission of Ba2-
ZnSi2O7:1.5 mol% Dy3+, ySm3+ (y = 0.2, 0.5, 1, 2, 3 mol%)
phosphors when excited at 403 nm. The emission spectra show
470, 560, 571, 600, and 646 nm corresponding to the transitions
4F9/2 /

6H13/2,
4G5/2 /

6H5/2,
4F9/2 /

6H15/2,
4G5/2 /

6H7/2 and
4G5/2 /

6H9/2 respectively.35,36 Out of these, 470 and 571 nm are
RSC Adv., 2026, 16, 9180–9200 | 9183
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Fig. 3 3D visualization of Ba2ZnSi2O7:Dy
3+, Sm3+ phosphors.

Fig. 4 (a) PL excitation spectra (b) PL emission spectra of Ba2ZnSi2O7:1.5 mol% Dy3+, ySm3+ (y = 0.2, 0.5, 1, 2, 3 mol%) phosphors (c) intensity
variation versus dopant concentrations (d) spectral overlap between the excitation spectrum of Ba2ZnSi2O7:1 mol% Sm3+ and the emission
spectrum of Ba2ZnSi2O7:1.5 mol% Dy3+.

9184 | RSC Adv., 2026, 16, 9180–9200 © 2026 The Author(s). Published by the Royal Society of Chemistry
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due to Dy3+ ions. The most intense transition is the 4G5/2 /
6H7/2 at 600 nm and follows the DJ = ±1 selection rule. It is well
known that electric dipole transitions obey the selection rules
DJ # 6, if J or J0 = 0 and DJ = 2, 4, or 6 otherwise. Magnetic
dipole transitions obey the selection rule DJ= 0 or±1. The 4G5/2

/ 6H5/2 transition is an allowed magnetic dipole (MD) transi-
tion, the 4G5/2 /

6H7/2 transition is a mixed transition and the
4G5/2 / 6H9/2 transition is a pure electric dipole (ED) transi-
tion.37 It implies that the Sm3+ ions were more symmetric in the
host matrix because the observed MD transition of Sm3+ ion
(4G5/2 / 6H7/2) is stronger than the observed ED transition of
Sm3+ ion and Dy3+ ions in the present study.38 The higher
intensity ratio values indicate higher distortion from the
inversion symmetry. The intensity variation can be seen in
Fig. 4(c). We establish that the transition in the emission
spectra from 4G5/2 /

6H9/2 with a centre at 600 nm is the most
intense and therefore the primary contributor to the reddish-
orange emission emitted from the phosphor.

3.2.1. Energy transfer analysis. To optimize the emission
color of phosphor, the co-doping of Dy3+ and Sm3+ were
explored based on the interaction of the two-ion doping, of
which the energy transfer was the main mechanism. The
spectral overlap of the sensitizer and activator is one of themain
metrics of energy transfer. The spectral overlap between the
excitation spectrum of Ba2ZnSi2O7:1 mol% Sm3+ and the
emission spectrum of Ba2ZnSi2O7:1.5 mol% Dy3+ was plotted as
shown in Fig. 4(d). The results clearly show signicant spectral
overlap between the Dy3+ emission band of transition 4F9/2 /
6H15/2 and the Sm3+ excitation band of transition 5H5/2/

4M15/2

in the 400–500 nm range. The Dexter energy transfer theory
states that Dy3+ ions can easily transfer energy to Sm3+ ions as
a non-radiative process in the co-doped incandescent samples,
improving the resultant uorescence emission of Sm3+ ions.39

Referring to Fig. 4(b), it can be observed that with the increase
of Sm3+ co-dopant concentration from 0.2 to 1 mol%, the
intensity of the characteristic emission peaks of Dy3+ at 470 nm,
and 571 nm decreases monotonically while that of Sm3+ at 560,
600 nm and 646 nm increases gradually. Later on, doping Sm3+

more than 1 mol% the Sm3+ emission decreases while the Dy3+

emission was getting decreased due to the concentration
quenching. The optimum concentration of Sm3+ ions was found
to be 1 mol%.

The energy transfer pathway of Dy3+ / Sm3+ is further
supported by the prior discussion. The concentration quench-
ing effect causes the characteristic emission intensity of Sm3+ to
gradually diminish when the Sm3+ doping concentration rises
over 1 mol%. For concentration quenching there are two major
factors which are quenching centers and cross relaxation. In
concentration quenching the distance between active ions
reduces with increasing doping concentration. So, energy
transfer between neighbouring activated ions takes place when
this distance falls below the critical distance (Rc). Transferring
the energy to a quenching center will result in uorescence
quenching since it will be released by a non-radiative transition
that does not contribute to luminescence. Secondly, cross-
relaxation can happen between the same ions or between
distinct ions when the energy level separation between them is
© 2026 The Author(s). Published by the Royal Society of Chemistry
tiny. Energy transfer through non-radiative transitions may
result from this, whichmight extinguish uorescence and cause
energy loss. Furthermore, the crystals impurity defects and
structural aws such as surface or point defects may function as
non-radiative centers. The energy lost as heat when electrons
are trapped by these imperfections also plays a role in the
quenching of uorescence. We used the eqn (5) to determine
the critical distance Rc in order to fully comprehend the energy
transfer phenomena in the co-doping system,40

Rc ¼ 2

	
3V

4pxcN


1=3
(5)

Here, N is the number of cations in the unit cell, xc is the critical
concentration, and V is the unit cell volume. The following
values were determined for the Ba2ZnSi2O7 system: V =

740.4184 Å3, N = 4, xc z 0.01, and Rc = 32.82. The energy
transfer mechanism may be divided into two categories
according to the Rc value as multipole interactions which are
the primary determinant when Rc is larger than 5 Å, whereas
exchange interactions predominate when Rc is less than 5 Å.
Thus, multipole interaction plays a major role in energy transfer
in the Ba2ZnSi2O7:Dy

3+/Sm3+ system. Further, Dexter's theory
and Reisfeld's approximation may be used to gain more
understanding of the multipole interaction process.41,42

ISO

IS
fC

q
3 (6)

The uorescence intensity of the single-doped Dy3+ is rep-
resented by ISO, the uorescence intensity of the co-doped Dy3+

and Sm3+ by IS, the total doping concentration of Dy3+ and Sm3+

by C, and the dipole–dipole, dipole-quadrupole, and quadru-
pole–quadrupole energy transfer modes, respectively, by q,
which can be 6, 8, or 10. Dipole–dipole interactions are probably
the predominant mechanism in the energy transfer process
from Dy3+ to Sm3+, as seen in Fig. S2(a–c), where the best match
occurs when q = 6, the tted value matches to 0.95.

The uorescence decay behaviour of Dy3+ emission at
470 nm (4F9/2/

6H13/2) is analyzed using the uorescence decay
curve of Ba2ZnSi2O7:1.5 mol% Dy3+, ySm3+ (y = 0.2, 0.5, 1, 2,
3 mol%) which is excited at lex = 403 nm and emitted at lem =

470 nm. In Fig. 5(a), this behaviour is seen. A single exponential
function ts all of the decay curves in Fig. 5(a) well. Similarly, we
examined the uorescence lifetime curves of Ba2−x−yZnSi2-
O7:1.5 mol% Dy3+, ySm3+ (where y= 0.2, 0.5, 1.0, 2.0, 3.0 mol%),
phosphors at 600 nm under 403 nm excitation as shown in
Fig. 5(b). A single exponential decay pattern was seen in the
uorescence lifetime curves,43

y ¼ y0 þ A1 exp

�
� t

s1

�
(7)

y ¼ y0 þ A2 exp

�
� t

s2

�
(8)

where y is the luminescence intensity at time t, A1 and A2 are
constants, s1 is the lifetime of 470 nm emission when excited at
403 nm and s2 is the lifetime of 600 nm emission when excited
RSC Adv., 2026, 16, 9180–9200 | 9185
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Fig. 5 Fluorescence decay curve of Ba2ZnSi2O7:1.5 mol% Dy3+, ySm3+ (y= 0.2, 0.5, 1, 2, 3 mol%) with (a) lex= 403 nm and lem= 470 nm (b) lex=
403 nm and lem = 600 nm.

Table 2 Lifetimes and energy transfer efficiencies of Ba2−x−yZnSi2O7:xDy
3+, ySm3+ phosphors

Dy3+ concentration (mol%) Sm3+ concentration (mol%) s1 (ms) s2 (ms) Efficiency (%)

1.5 0 0.4878 � 0.0053 — —
1.5 0.2 0.4656 � 0.0043 1.7038 � 0.019 72.66 � 0.40
1.5 0.5 0.4287 � 0.0044 1.7664 � 0.016 75.72 � 0.34
1.5 1 0.4424 � 0.0045 1.7892 � 0.015 75.27 � 0.32
1.5 2 0.4026 � 0.0046 1.7288 � 0.014 76.70 � 0.33
1.5 3 0.3870 � 0.0057 1.7046 � 0.013 77.29 � 0.38
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at 403 nm. The lifetime values of Sm3+ ions and Dy3+ ions in
Ba2ZnSi2O7 matrix are listed in Table 2.

The uorescence lifetime of Dy3+ gradually decreases as the
concentration of Sm3+ rises while the concentration of Dy3+

stays constant. The existence of energy transfer between Dy3+

and Sm3+ ions is further supported by this discovery. The
following is an expression for the energy transfer efficiency
between the activator ion (Sm3+) and the sensitizer (Dy3+),44

h ¼
�
1� s

s0

�
� 100% (9)

s and s0 stand for the Dy3+ emission intensities with and
without Sm3+ ions, respectively. For the excitation light at
403 nm, the s and s0 values are summed to determine the energy
transfer efficiency (h) which is listed in Table 2. The energy
transfer efficiency from Dy3+ to Sm3+ improves from 72% to 77%
as the concentration of Sm3+ climbs from 0.2 to 3 mol%. These
ndings demonstrate that during the Dy3+ / Sm3+ transition,
there is efficient energy transfer between Dy3+ and Sm3+ ions.
Fig. 6(a) shows the variation of energy transfer efficiency with
respect to varied concentrations.
9186 | RSC Adv., 2026, 16, 9180–9200
As seen in Fig. 6(b), the energy transition process in the
Ba2−x−yZnSi2O7:xDy

3+, ySm3+ phosphor system describes the
mechanism of energy transfer between Dy3+ and Sm3+ ions. Dy3+

ions absorb energy when the system is activated by UV light at
403 nm, which moves its electrons from the ground state 6H15/2

to an excited state 4P3/2. The lowest excited state (4F9/2) is then
reached by these electrons through non-radiative relaxation.
Aer radiatively relaxing down to the ground state energy levels
(6HJ/2, where J = 15, 13, 11), some of these electrons release
yellow (571 nm), and blue (470 nm) light. The remaining elec-
trons undergo a process known as resonance cross-relaxation,
which transfers their energy to the 4G5/2 level of Sm3+. The
emission of yellow light (4G5/2 / 6H5/2), orange light (4G5/2 /
6H7/2), and red light (4G5/2 /

6H9/2) from Sm3+ is increased by
this energy transfer.

3.2.2. Polychromatic luminescence analysis. The CIE
chromaticity diagram for the Ba2−0.15−yZnSi2O7:1.5 mol% Dy3+,
ySm3+ (y = 0.2, 0.5, 1, 2, 3 mol%) phosphors under 403 nm
excitation wavelengths is shown in Fig. S3. Each samples asso-
ciated color temperature (CCT) was determined using McCa-
my's approximation,45

CCT = −449n3 + 3525n2 − 6823.3n + 5520.33 (10)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Variation of energy transfer efficiency (b) energy level diagrams of Dy3+–Sm3+.
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where n represents the inverse slope line and is computed as

n ¼ ðxp � x0Þ
ðyp � y0Þ where the chromatic coordinates of the prepared

phosphor are represented by (xp, yp) and the epicenter of
convergence is represented by (x0, y0) = (0.332, 0.186). The
ndings such as chromaticity coordinates, dominant wave-
length and CCT values are shown in Table S4. The color coor-
dinates of the Ba2−0.15−yZnSi2O7:1.5 mol% Dy3+, ySm3+ (y = 0.2,
0.5, 1, 2, 3 mol%) series, progressively change from yellow to
orange is shown in Fig. S3. In summary, it is possible to control
energy transfer and generate adjustable multicolour lumines-
cence by adjusting the Dy3+/Sm3+ doping ratio and the excita-
tion wavelength. The color purity was also calculated using the
eqn (11),

C:P ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
xp � x0

�2 þ �
yp � y0

�2q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxd � x0Þ2 þ ðyd � y0Þ2

q � 100 (11)

Here, (xd, yd) represent the chromaticity coordinates of the
dominant wavelength. The optimized sample exhibits a colour
purity of approximately 80%. As summarized in Table 3, the
colour purity is observed to increases with increasing Sm3+

doping with Dy3+ ions concentration, indicating a gradual
transition from pale red to bright red emission, which remains
suitable for solid-state lighting applications.
Table 3 Band transitions, nephelauxetic ratio (b), and bonding
parameter (d) for the Ba2ZnSi2O7:1.5 mol% Dy3+, 1 mol% Sm3+

phosphors

Sl. no. Transitions wc (cm
−1) wa (cm

−1) b

1 6H15/2 /
6F5/2 12 341 12 432 0.9926

2 6H5/2 /
6F11/2 10 500 10 517 0.9983

3 6H5/2 /
6F9/2 9233 9136 1.0218

4 6H15/2 /
6F11/2 +

6H9/2 7637 7692 0.9928
5 6H5/2 /

6F5/2 7253 7131 1.0171
b� 1.0045

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.3. Diffuse reectance studies

UV-visible absorption spectroscopy is commonly used to esti-
mate the optical band gap, which is a crucial feature for com-
prehending a materials optical behaviour. UV-visible spectra
were obtained in diffusion reectance mode in order to deter-
mine the optical band gap of the synthesized materials. Tauc's
equation and the Kubelka–Munk function were used to esti-
mate the band gap. The reectance and absorbance spectra
were shown in Fig. 7(a).

The absorption peaks at about 400 nm are associated with
the 4f–4f transitions of RE ions. The transitions that drive the
absorption peaks at higher wavelengths, including 790, 902,
1080, 1252, and 1394 nm, are driven from the ground state
6H15/2 /

6F5/2,
6H5/2 /

6F11/2,
6H5/2 /

6F9/2,
6H15/2 /

6F11/2 +
6H9/2 and

6H5/2 /
6F5/2 of Dy

3+ and Sm3+ ion, respectively.46 In
addition to it, Ba2−x−yZnSi2O7:xDy

3+, ySm3+ (x = 1.5, y =

1 mol%) has very low absorbance across the measuring range,
as seen by the absorption spectra, and will thus show higher
transparency in this range.47 The measured DRS of the material
was transformed into the K–M function, which can be stated as
eqn (12), in order to assess the optical energy of the phosphor.

FðRÞ ¼ K

S
¼ ð1� RÞ2

2R
(12)

Here, S is the scattering coefficient, and R is the molar
absorption, and the K–M function is represented by F(R) = K/S.
Tauc's equation describes the relationship between the linear
absorption coefficient (a) and the band gap (Eg), as seen below,48

ahw ¼ C
�
hw� Eg

�n
(13)

Eqn (14) derived from eqn (12) and (13), helps in calculating
energy band gap,49

½FðRÞhw�
1
n ¼ C

�
hw� Eg

�
(14)

C is a proportionality constant in this equation, and hw is the
incident photons energy. A constant variable, and n
RSC Adv., 2026, 16, 9180–9200 | 9187
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Fig. 7 (a) Reflectance and absorbance spectra (b) Tauc plot for the Ba2ZnSi2O7:1.5 mol% Dy3+, 1 Sm3+ and Ba2ZnSi2O7.
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characterizes the electronic transitions. The value of n can be

either
1
2
, 2

3
2
, or 3, depending on whether the transition is direct

permitted, indirect allowed, direct prohibited, or indirect

forbidden. We chose n =
1
2
for our computations since the host

matrix in our investigation has a straight band gap.50 By pro-
jecting the resultant curve to the hw axis as the x-axis, where
[F(R)hw]2 = 0, one may nd the sample's band gap (Eg). As seen
in the inset of Fig. 7(b), this is accomplished by plotting

½FðRÞhw�12 against hw. The co-doped Ba2ZnSi2O7:1.5 mol% Dy3+,
1 Sm3+ and Ba2ZnSi2O7 have band gap values of 3.41 eV and
3.33 eV, respectively. As shown in Fig. 7(b), the negative impact
outlined in the Burstein–Moss (B–M) hypothesis explains the
minor increase in the optical energy gap from the host material
to the co-doped sample. Using the optical band gap energy data
of the prepared samples, two crucial parameters – the refractive
index and the metallization criterion were computed. A differ-
ence in the energy bands is shown by the light reected off the
particles, but the light emitted from the prepared powders is
known to have static qualities. A materials refractive index (n) is
determined by the way light interacts with its atom's electrons.
To calculate the refractive index values, the following eqn (15)
was utilized,51

n2 � 1

n2 þ 2
¼ 1�

ffiffiffiffiffiffi
Eg

p
20

(15)

n is the refractive index and Eg is the band gap in the equation
above. A boost in the quantity of non-bridging oxygen atoms is
the main cause of the refractive index's increase from 5.35 to
5.52 brought on by the addition of Sm3+ ions. From the ndings,
refractive index values rise as the energy band gap shrinks. The
metallization requirements were also examined in order to
assess the insulating qualities of the produced powders in more
detail. The eqn (16) that links the energy band gap, refractive
index, and metallization criterion was presented by Sakka and
Dimitrov and is displayed below,52
9188 | RSC Adv., 2026, 16, 9180–9200
M ¼ 1� n2 � 1

n2 þ 2
¼

ffiffiffiffiffiffi
Eg

p
20

(16)

The formula put out by Sakka and Dimitrov states that
metallic behaviour is suggested by a value of M larger than one,
whereas non-metallic behaviour is indicated by a value ofM less
than one. It is clear that the produced pure and Ba2ZnSi2-
O7:1.5 mol% Dy3+, 1 mol% Sm3+ have 0.220 and 0.229 respec-
tively so it behaves in a non-metallic manner. Understanding
the nature of the Dy3+–Sm3+-ligand bond in the synthesized
phosphors is aided by the calculation of the bonding parameter
(d) and the nephelauxetic ratio (b). The following is the deni-
tion of the nephelauxetic ratio,53

b ¼ wc

wa

(17)

where wc and wa are the wave numbers for a specic Dy3+ and
Sm3+ transition in the host and aqueous solution, respectively.
Given by the bonding parameter (d) is,54

d ¼ 1� b

b
� 100 (18)

The symbol for the average nephelauxetic ratio is b�. The
Dy3+–Sm3+-ligand bond is categorized as covalent when d is
positive, and as ionic when d is negative. Table 3 lists the
systems band assignments, bonding parameter (d), and neph-
elauxetic ratio (b). The bonding parameter is positive since d =

− 0.4479 is smaller than 0. This suggests the ionic character of
the Dy3+–Sm3+-ligand linkages.
3.4. Surface morphology

The SEM image of Ba2ZnSi2O7:1.5 mol% Dy3+, 1 mol% Sm3+

phosphor is shown in Fig. 8(a). It is clear from the SEM exam-
ination that the optimized sample's particles are in the micron
size range and have irregular forms. The average particle size is
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 FTIR spectra of pure host and Ba2ZnSi2O7:xDy
3+, ySm3+ (x = 1.5,

Fig. 8 (a) SEM image (b) EDAX spectrum (c–h) elemental mapping of Ba2ZnSi2O7:1.5 mol% Dy3+, 1 mol% Sm3+ phosphor.

Table 4 Elemental composition of Ba2ZnSi2O7:1.5 mol% Dy3+, 1 mol%
Sm3+ phosphor

Element Weight% Atomic%

O K 20.80 58.64
Si K 9.44 14.75
Zn L 12.46 8.36
Ba L 56.00 17.89
Sm L 0.65 0.19
Dy L 1.30 0.35
Totals 100.00 100.00

© 2026 The Author(s). Published by the Royal Society of Chemistry
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measured from SEM found to be 1.14 mm as shown in Fig. S4.
Agglomeration during heating, which produces gas byproducts,
may be the cause of this.55 The EDX spectrum investigation has
conrmed the synthesis of pure Ba2ZnSi2O7:1.5 mol% Dy3+,
1 mol% Sm3+ phosphor. The elements contained in the con-
structed lattice are represented by separate peaks in the EDX
spectrum as shown in Fig. 8(b). The barium, zinc, silicon,
dysprosium, samarium and oxygen peaks in the pattern show
that there are no other elements present and that the intended
lattice with the right stoichiometry is properly formed. The
y = 1 mol%) phosphor.

RSC Adv., 2026, 16, 9180–9200 | 9189
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components found in the optimized sample are shown in detail
in the Fig. 8(c–h). Dysprosium and samarium homogeneous
incorporation into the lattice is further supported by the sepa-
rate peaks for the Dy3+ and Sm3+ ion. The EDX atomic and
weight percentages for the Ba2ZnSi2O7:1.5 mol% Dy3+, 1 mol%
Sm3+ phosphor are shown in Table 4. The EDX results show that
the elements are distributed as predicted and that the phos-
phors composition is homogenous. These results are consistent
with the spectral and structural data.
3.5. Fourier transform IR spectra

Additionally, FT-IR spectra were captured, as Fig. 9 illustrates.
The ndings showed that distinctive peaks associated with Si–O
vibrations at wavenumbers of 508 and 891 cm−1 are present in
both pure and Dy3+–Sm3+ co-doped samples. The Si–O–Si peak
is commonly observed at wavenumbers 541 and 953 cm−1.56

Furthermore, Zn–O vibrations emerged about 817 cm−1,
whereas Ba–O vibrations were detected around 629 cm−1. A
Fig. 10 TGA curves of Ba2ZnSi2O7:1.5 Dy3+, 1 Sm3+ phosphor.

Table 5 Band assignments of pure host and Ba2ZnSi2O7:1.5 Dy3+, 1
Sm3+ phosphors

Wavenumber (cm−1) Vibrational modes

508 Si–O vibrations56

541 Si–O–Si bending56

629 Ba–O vibrations57

817 Zn–O stretching57

891 Si–O vibrations56

953 Si–O–Si bond stretching56

1077 Si–Si stretching57

9190 | RSC Adv., 2026, 16, 9180–9200
peak at 1077 cm−1 indicates that Si–Si bonds are straining.57 All
things considered, the FT-IR spectra indicate that the elements
bonding is consistent and well-integrated which conrms
structural deformation has not happened on doping. The
vibrational modes corresponding to wavenumber are listed in
Table 5. The vibrational modes of pure Ba2ZnSi2O7 and Ba2-
ZnSi2O7:1.5 Dy3+, 1 Sm3+ are found to be same which correlates
that even aer doping there is no change in the structural
properties. This conrms that the structure is stable even aer
doping.
3.6. Thermogravimetry analysis

The TGA ndings for the Ba2ZnSi2O7:1.5 Dy3+, 1 Sm3+ phosphor
are shown in Fig. 10. As the temperature rises, the TGA curve
shows the sample's weight changes. There is weight loss up to
275 °C, the TGA curve is initially decreases, showing that the
material is slightly unstable in this temperature range.
Following this, weight loss is shown in the rst stage as shown
in inset. Aer 275 °C material did not loss any weight reecting
it is stable at high temperature range. The loss of weight is only
8% may be due to environmental oxygen presence and hydroxyl
presence. Despite the high synthesis temperature of 1200 °C,
the overall weight loss of about 11% up to 600 °C can be
ascribed to the removal of physically adsorbed water, surface
hydroxyl groups, and trace amounts of volatile species that may
have been absorbed during post-synthesis handling under
ambient conditions. It is well known that powdered oxide
phosphors with high surface area can easily absorb atmo-
spheric moisture, leading to appreciable weight loss during
thermal analysis. Notably, the TGA prole lacks any sharp
weight loss transitions or phase-related features, signifying the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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absence of structural decomposition in the temperature range
of interest. The fact that the weight loss is a gradual process
suggests that it is dominated by desorption rather than any
degradation of the oxide structure. Additionally, the observed
thermal stability above 600 °C is in line with the high-
temperature synthesis conditions and the known thermal
stability of vanadate-based oxide phosphors.

3.7. Temperature dependent photoluminescence

The temperature-dependent PL spectra, which are presented in
Fig. 11, were obtained at temperatures between 303 and 483 K in
order to investigate the temperature sensitivity of Ba2ZnSi2-
O7:1.5 Dy3+, 1 Sm3+ phosphor as a temperature sensor. Both
Dy3+ and Sm3+ emissions are progressively declining as the
temperature rises from 303 to 483 K because of the thermal
quenching. On the other hand, it is found that the intensity of
Sm3+ emissions decreases considerably faster than the negli-
gible change of Dy3+ emissions as shown in Fig. 12(a). Fig. 12(b)
illustrates the normalized intensity variations of different
emission peaks of Dy3+ and Sm3+ ions. It is observed that Dy3+

emission of the 4F9/2/
6H13/2 and

4F9/2/
6H15/2 transitions are

reduced only to 22% whereas the emission from Sm3+ ions
having 4G5/2 /

6H7/2 and
4G5/2 /

6H9/2 transitions are reduced
to 36%. The reduce in the emission intensity was clearly due to
thermal quenching phenomenon. The congurational coordi-
nate diagram in Fig. 12(c) provides an explanation of the cause
Fig. 11 Temperature dependent photoluminescence spectra of Ba2ZnS

© 2026 The Author(s). Published by the Royal Society of Chemistry
of the thermal quenching effect. The horizontal distance
between the ground state and excited state equilibrium posi-
tions, or i.e., increases as the temperature rises. As a result,
before reaching the excited state's equilibrium position, where
the radiative transition takes place, more electrons from the
upper vibrational level of the excited state must pass the
ground-excited state intersection point. The non-radiative
transition rises as a result. The luminescence is considered to
quench if the temperature is high enough to prevent emission
and the crossover point approaches before the excited state's
equilibrium conguration.58 This explains the reason behind
emission intensity decreases as the temperature rises over 303
K. In addition to multiphoton relaxation, other non-radiative
pathways may also contribute to thermal quenching. For
instance, in co-doped systems like Dy3+/Sm3+, thermally acti-
vated cross-relaxation or energy transfer from Sm3+ to Dy3+

could become more probable at elevated temperatures, leading
to a reduction in emission intensity. These processes are
consistent with the observed decrease in uorescence intensity
and lifetime with increasing temperature. Moreover, the rela-
tively low activation energy supports the possibility of phonon-
assisted quenching pathways dominating in this temperature
range.

The excellent thermal stability achieved in the present
phosphor is due to the unique structure of the host Ba2ZnSi2O7

with Dy3+ and Sm3+.59 The host lattice's thermal stability may be
i2O7:1.5 Dy3+, 1 Sm3+ phosphor.
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Fig. 12 (a) Variation of intensity of different emission (b) normalized intensity of different peaks with respect to temperature (c) configurational
coordinate diagram (d) Arrhenius plot for the Ba2ZnSi2O7:1.5 Dy3+, 1 Sm3+ phosphor.
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assessed using the activation energy (EA), which can be derived
from the modied Arrhenius equation as follows,

IðTÞ ¼ I0

1þ C exp�EA

KT

(19)

where “K” is the Boltzmann constant, “C” is a constant with the
same loss, and “I0” and “I(T)” stand for the initial's intensity at
room temperature and at different temperatures (T). Based on

the slope of linear tting of ln
	�

I0
IT

� 1
�


, the activation energy

(EA) for the generated phosphors is 0.19 eV, and the intercept ln
C is 4.33, as shown in Fig. 12(d). Using Boltzmann tting to the
normalized emission intensity data, the TQ values the temper-
ature at which phosphors lose half of their intensity values have
been found,60

IðTÞ ¼ A2 þ A1 � A2

1þ e
ðT�TQÞ

dT

(20)

“A1” and “A2” represent the initial and terminal values of the
curve, or the le and right horizontal asymptotes, respectively,
9192 | RSC Adv., 2026, 16, 9180–9200
while “I(T)” denotes the normalized emission intensity at
a specic temperature in Kelvin. The tting was conducted on
the integral of the normalized emission intensity, with “A1” and
“A2” assigned values of 1 and 0, respectively. In this context, the
overall decrease in light production is less than the expected
variation in emission intensity. Additionally, it remains unaf-
fected by the shi in peak position that occurs during heating.
“dT” signies the change in “T” concerning the most signicant
alteration in “I(T)” values, and “TQ” indicates the center value of
the sigmoid.61 This tting yields the “TQ” value of 376 K, as seen
in Fig. 13(a).

The Ba2ZnSi2O7:1.5 Dy3+, 1 Sm3+ phosphor's FWHM change
of TDPL emission peaks with temperature is shown in
Fig. 13(b). It is evident that for the 470 nm, 570 nm, 600 nm, and
646 nm emissions, the emission's full width at half maximum
(FWHM) gradually narrowed. The lower interaction between the
thermally stimulated luminous core and thermally active
phonons is responsible for this decrease in FWHM. As the
phonon population density rises at high temperatures, the
electron–phonon interaction intensies.62 The mathematical
formula for the rise in FWHM is,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 (a) Boltzmann sigmoidal fit (b) FWHM variation with respect to temperature (c) plot of log e(I571/I600) versus 1/T.
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GðTÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8 ln 2

p
� ħu�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S cot h

�
ħu
2kT

�s
(21)

where k and S stand for the Boltzmann and Huang–Rhys
parameters, respectively, ħu for the effective phonon energy,
and G(T) for the temperature-dependent FWHM.63 The intensity
ratios of anti-Stokes to Stokes peaks (Ia/Is), which had a Boltz-
mann-type distribution function, were thought to be respon-
sible for the variation in thermal behaviour,64

Ia

Is
¼ C exp

�
�ħu
kT

�
(22)

The proportionality constant is shown by C in this expres-
sion, whereas T stands for the absolute temperature. Using the
difference in intensity between the anti-Stokes and Stokes
emission lines is one potential method for heat sensing. A
natural logarithm can be used to express eqn (22),65

ln

�
Ia

Is

�
¼ lnðCÞ � ħu

kT
(23)
© 2026 The Author(s). Published by the Royal Society of Chemistry
In this case, the emissions at 571 nm and 600 nm are repre-
sented by Ia and Is, respectively. The log e(I571/I600) versus 1/T
which is shown in Fig. 13(c). The data was tted linearly, and
the best t was found with ħu/k = 86.34 K from the relationship

log e
I571
I600

¼ 0:0414� �86:34
T

. It was discovered that the phonon

energy (ħu) was 60.009 cm−1. These ndings imply that the
improved phosphor's reduced phonon energy may enable effi-
cient temperature detection.66
3.8. Thermal sensing studies

3.8.1. Fluorescence intensity ratio (FIR method). The
temperature dependence of integrated intensities of Sm3+: 4G5/2

/ 6H7/2 with Dy3+: 4F9/2 / 6H13/2 and 4F9/2 / 6H13/2 are di-
splayed in Fig. 11, respectively, to examine the sensing proper-
ties. It is evident that, in contrast to Dy3+, the integrated
intensity of Sm3+ varied quickly. The FIR1 is considered for I571/
I600 and FIR2 is for I470/I600 as shown in Fig. 14(a and b). FIR is
distinguished by signicant temperature dependency and
strong sensitivity to temperature changes, and it functions
RSC Adv., 2026, 16, 9180–9200 | 9193
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Fig. 14 Fluorescence intensity ratio of (a) I571/I600 (b) I470/I600 (c) relative sensitivity and absolute sensitivity of I571/I600 (d) relative sensitivity and
absolute sensitivity of I470/I600.
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irrespective of the excitation source or luminous center
concentration. The relative population of the thermally related
energy levels frequently follows the Boltzmann distribution.
The effects of temperature on emission intensities due to the
Boltzmann distribution of thermally linked energy levels. It is
possible to represent the correlation between temperature and
the excited rare earth ions PL intensity as shown by polynomial
function,67

FIR1 ¼ I570

I600
¼ Aþ BT þ CT2 þDT3 (24)

FIR2 ¼ I470

I600
¼ Aþ BT þ CT2 þDT3 (25)

where A, B, C, and D are the tting constants for the polynomial.
The sensitivity might be determined using this equation by
taking the rst derivative of the FIR. In Fig. 14(a and b), the
polynomial equation is tted for both FIR1 and FIR2 is di-
splayed. A best t for the FIR data points is provided by FIR1 =

[(2.214) − (0.013 × T) + (3.756 × 10−5 × T2) − (3.145 × 10−8 ×

T3)] and FIR2 = [(2.227) + (−0.016 × T) + (4.345 × 10−5 × T2) +
(−3.737 × 10−8 × T3)], respectively, as seen in Fig. 14(a and b).
Sensitivity is the most crucial feature of a temperature sensor to
9194 | RSC Adv., 2026, 16, 9180–9200
gain a better understanding of the material is used and its
performance. Relative temperature sensitivity (SR) is another
crucial element for sensing applications. A large variety of
temperature sensor types are compared by SR.68,69 The following
equations calculate and illustrate the absolute sensitivity (SA)
and relative sensitivity (SR) of the third-order polynomial
functions.70–72

SA-FIR ¼
����dFIRdT

���� ¼ ��B þ 2CT þ 3DT2
�� (26)

SR-FIR ¼
���� 1

FIR

dFIR

dT

���� ¼
��B þ 2CT þ 3DT2

��
FIR

(27)

Fig. 14 (c) and (d) displays the measured absolute and rela-
tive sensitivity levels at various temperatures. For FIR1, SR-FIR is
found to be 7.19% K−1 and SA-FIR to be 0.1086 K−1 at 403 K and
for FIR2, SR-FIR found to be 1.12% K−1 at 403 K and SA-FIR
calculated to be 0.0599 K−1 at 383 K, when FIR is computed
using the third order polynomial function. Table 6 lists a few
popular bright thermometers based on Dy3+ and Sm3+ doped/
co-doped phosphors that have been previously reported. It is
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 With an emphasis on SR and their SA temperature sensitivity, a comparison of temperature sensing materials

Materials Temperature range (K) SR-max (% K−1) Mode Ref.

K3YF6:Dy
3+/Sm3+ (GC) 298–448 0.401 FIR 77

Sr2Y8(SiO4)6O2:Sm
3+ 100–500 1.11 FIR 78

0.94 FLT
Y2MgTiO6:Sm

3+ 298–498 0.26 FIR 79
CaWO4:Dy

3+ 302–650 2.77 FIR 80
SrMoO4:Dy

3+ 303–483 0.39 FIR 81
Li2TiO3/Y2O3:Dy

3+ 273–373 6.67 FLT 82
BaLaMgNbO6:Dy

3+, Mn4+ 230–470 2.43 FLT 83
BaGd2O4:Bi

3+/Sm3+ 293–473 1.66 FLT 84
Ba2ZnSi2O7:1.5 Dy3+ 303–483 2.05 FIR 27

5.42 FLT
Ba2ZnSi2O7:1.5 Dy3+, 1 Sm3+ 303–483 7.19 FIR This work

1.10 FLT
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demonstrated that the Ba2ZnSi2O7:1.5 Dy3+, 1 Sm3+ phosphor
has a rather high SR value. Consequently, the Ba2ZnSi2O7:1.5
Dy3+, 1 Sm3+ phosphormay be employed in optical thermometry
and shows excellent optical thermometric performance.
Fig. 15 (a) Single exponential fitted lifetime spectra for different tempe
sensitivity of lifetime-based method.

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.8.2. Fluorescence lifetime method (FLT). Instrument
uncertainty, phosphor degradation, and other problems may
limit the accuracy of mono-mode optical temperature sensors
that employ FIR technology. The precision of temperature
rature (b) fluorescence lifetime fit (c) relative sensitivity and absolute

RSC Adv., 2026, 16, 9180–9200 | 9195

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra09381c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

11
:3

7:
29

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
readings may be improved in optical temperature sensing by
using dual-mode FIR and various luminescence lifetimes. The
uorescence lifetime of Sm3+ in the instance of Ba2ZnSi2O7:1.5
Dy3+, 1 Sm3+ falls dramatically as the temperature rises from 303
K to 483 K (lex= 403 nm, lem= 600 nm). In Ba2ZnSi2O7:1.5 Dy

3+,
1 Sm3+, the Sm3+ luminescence lifetime is 1.9714 ms at 303 K
and increases to 2.0239ms at 483 K. These ndings imply that it
can be used as a luminous thermometer that lasts for long
period of time. The following formula can be used to determine
the activation energy for Ba2ZnSi2O7:1.5 Dy3+, 1 Sm3+ thermal
quenching,73,74

s ¼ s0

1þ Cs0 exp

�
� DE

kBT

� (28)

In this case, C is a constant, s0 is the decay lifetime at the
reference temperature, and s is the decay lifetime at the current
temperature T. Fig. 15(a and b) displays the decay lifetime
curves and the exponential tted data for the lifetime
measurements. Based on their lifespan, the absolute (SA-lifetime)
and relative (SR-lifetime) sensitivities of optical thermometric
materials may be determined using the following formulas,75,76

SA-lifetime ¼
���� vsvT

���� ¼ Cs0
2 exp

�
� DE

kBT

�
�
�
� DE

kBT 2

�
(29)

SR-lifetime ¼
����1s vs

vT

����� 100%

¼
Cs0 exp

�
� DE

kBT

�

1þ Cs0exp

�
� DE

kBT

��
�
� DE

kBT2

�
� 100% (30)

The study's ndings on the differences in SA-lifetime and S-
R-lifetime are shown in Fig. 15(c). Both SA-lifetime and SR-lifetime

decrease with temperature. At 303 K, SA-lifetime achieves its
greatest value of 0.0217 K−1, and SR-lifetime reaches its maximum
value of 1.10% K−1. Based on lifetime measurements. Table 6
displays the SR-lifetime values for a number of phosphors that
have been documented in the literature. This comparison
makes it clear that the Ba2ZnSi2O7:1.5 Dy3+, 1 Sm3+ phosphor
has a great deal of promise as a material for temperature
sensing.
4. Conclusion

In summary, the high-temperature solid-state reaction
approach was effectively used to develop and manufacture the
new Ba2ZnSi2O7:Dy

3+, Sm3+ phosphor with dual activators
luminescence. For a possible use as a dual-mode optical
temperature sensor, the temperature-dependent luminous
characteristics of the Ba2ZnSi2O7:Dy

3+, Sm3+ sample were
examined. XRD conrmed the monoclinic structure with high
phase purity. The optimum concentration of Sm3+ in Ba2-
ZnSi2O7:Dy

3+ was found to be 1 mol% through photo-
luminescence spectroscopy. Energy transfer efficiency was
9196 | RSC Adv., 2026, 16, 9180–9200
calculated, and the energy transfer was observed from Dy3+ to
Sm3+. The DRS spectra was studied to obtain the energy
bandgap of the material which was found to be increased due to
shi in the conduction band. The SEM shows agglomerated
structure due to synthesis method. The FTIR spectra revealed
unaltered structure even aer co-doping. Under 403 nm illu-
mination, the thermal-quenching activation energy of Sm3+ was
determined to be 0.19 eV, the relative sensitivity peaked at
7.19% K−1 at 403 K, and the change of FIR (IDy/ISm) with
temperature uctuation is dramatic from 303 K to 483 K.
Furthermore, Sm3+

uorescence lifetime can also be used to
sense temperature, and at 303 K, the relative sensitivity reaches
a high of 1.10% K−1. The Ba2ZnSi2O7:Dy

3+, Sm3+ phosphor was
shown in all of these studies to be a potential option for high-
sensitivity optical temperature sensors.
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