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es of a Eu3+-doped Zn2SiO4

phosphor ceramic material with enhanced thermal
sensitivity at low temperatures

M. N. Bessadok, *a A. Bouri,a D. Ananias,b S. Mrabet,a C. Vázquez-Vázquezc

and L. El Mira

In the present study, a SiO2/Zn2SiO4:Eu glass–ceramic composite was synthesized by a homemade

modified sol–gel method. Structural, morphological, and optical properties were investigated. Structural

and morphological analysis proves the existence of silica and zinc silicate phases with the latter

surrounded and shielded by the silica matrix. Optical–vibrational analysis shows the fingerprint peaks of

a Zn2SiO4 material, confirming the good establishment of the phase. Photoluminescence plots reveal the

presence of strong Eu3+ ion emission lines that come from radiative recombination from 5D0 to 7FJ (J =

0–4) inner states. The curves prove, as well, the appearance of weak wide blue (450 nm) and green (530

nm) bands related, respectively, to oxygen deficiency and zinc vacancy emission centers related to silica/

zinc silicate intrinsic defects. The latter are taken as a starting point to investigate the thermometry

properties of the sample by combining them with the europium principal emission lines (7F1,2) to get

a maximum relative sensitivity of 2.36% K−1 at the [12–140 K] temperature range. The findings are

promising and show, for the first time, the thermometry study of Eu-doped zinc silicate at below room

temperature range.
1. Introduction

In the previous few years, research groups have been concen-
trating on developing several materials with different properties
allowing using them in multifunctional optics.1–6 Among them,
phosphor materials are taking nowadays an important place in
the optoelectronics industry. Phosphors consist of a wide
bandgap transparent host such as sulfates, vanadates, and
silicates,7–9 with metal ion centers embedded that can emit in
the whole ultra violet-visible-near infrared (UV-vis-NIR) spectral
range, aer being exposed to different excitation energy sources
like photons, thermal heating, and voltage.10–12 As a result, the
emitted light will be employed in display devices, cathode ray
tubes, emitting diodes, and many other applications.13 Among
a large number of phosphor materials, zinc silicate (Zn2SiO4),
known for its mineral name “willemite”, stands as one of the
oldest inorganic silicate-based materials that have high lumi-
nescence efficiency and good chemical stability.14 This latter
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feature is making it a good system at higher temperatures,
maintaining very good luminescence properties. In addition,
the environmental sustainability, affordable manufacturing
and effective ultra-violet radiation absorption make it a desir-
able choice for versatile applications. Zinc silicate is a mineral
system included in phenakite-type materials (Be2SiO4). The a-
phase is known to be the most stable in the wide thermal region
up to 1500 °C and belongs to trigonal R3m space group.15

However, the b-phase forms typically before 800 °C under
specic circumstances, and then makes a phase transition to a-
one before it reappears at about 1500 °C, but in a very narrow
thermal region because of the fusion of the crystal at 1512 °C.16

Until now, there is no precise renement of the crystal lattice of
b-phase. But most probably, it belongs to the triclinic or
orthorhombic system. Moreover, zinc silicate is recognized as
a wide bandgap material (∼5.5 eV). The valence band is mainly
made up of a mixture of 2p orbitals of oxygen alongside zinc's
4s, 4p and 3d ones, while the conduction band contains
essentially zinc's 4s and 4p orbitals, silicon's 3p orbitals, and
oxygen's 2p orbitals.17 Such a wide bandgap system is similar to
those of dielectric materials rendering it a very promising
candidate in electric insulator applications.18

For a long time, research groups have been competing to
produce zinc silicate (ZS) material by combining zinc oxide
(ZnO) with glassy silicon dioxide (SiO2) at a high annealing
temperature above 700 °C. Numerous synthesis methods have
in common to optimize the raw precursor quantities and reduce
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the energy loss. Several optimized synthesis methods are re-
ported, such as the conventional solid-state reaction
method,15,19 the sol–gel method,20,21 the hydrothermal route,22,23

the gel combustion process,24 the polymer thermal treatment
method25 and many others. The diversity of synthesis routes
coupled to the optimized experimental parameters and the
adequate quantity of introduced impurities are helping to
generate tunable properties that lead to many potential appli-
cations, such as optoelectronic devices,26 photocatalytic
activity,27 high-frequency devices,28 and mechanical tools.17

However, despite the multifunctional aspect of willemite
material, researchers are focusing principally on its lumines-
cence properties and their applications. For instance, tremen-
dous attention has been dedicated, especially to the Mn-
activated ZS lattice,29–32 which emits a strong and highly effi-
cient green-yellow light that comes from the d–d transition of
the Mn2+ ion. In addition, many other transition metals
(TM)33,34 and lanthanide (Ln)20,35,36 activated ZS crystals are re-
ported which proves the high applicability of such phosphor
materials in several phosphors-based devices.

In the last 20 years, the contactless thermometry application
has gained a lot of attention since it provides a simple way for
temperature measurement, especially aer the fast expansion
of the COVID-19 pandemic. The temperature sensing can be
operated in a wide temperature range37,38 with quick response
and high accuracy living cells millimeter-scale sensing. The
developed method is a facile process of measuring temperature
using simple tools based on the behavior of spatial and
temporal parameters, which change dramatically with temper-
ature variation.39 Several parameters can be deduced from one
temperature-dependent luminescence plot, which leads to the
investigation of the potential use of a phosphor in thermometry
applications. The most widespread parameter is the
luminescence-integrated intensity since it is the simplest to
measure. Researchers have used phosphors with one strong
emission band such as the case of K. Kniec et al.40 for vanadium-
doped Y3Al5−xGaxO12 and N. Saxena and her team for SiO2–CdS
nanocomposite material.41 Despite its simplicity, one single
emission band is highly sensitive to disturbance with moderate
precision. The method can be easily affected by experimental
factors such as the instability of the light source and the
detectors, the absorption and scattering induced by the
medium and the lack of an accurate calibration. Consequently,
these issues may all cause a huge distortion and noise to the
signal, leading to several measurement errors. Then, this
method become almost ruled out in the current publications.
However, the use of such approach is still very effective for
activation energy calculation using the Boltzmann/Arrhenius
models to reveal the required energy needed by one charge
carrier in semiconductor systems. On the other hand, studies
have been driven toward luminescence intensity ratio (LIR),
which is one of the most used readout schemes that consists of
combining two different emission bands and calculating their
ratio pattern versus temperature. The method offers very good
stability toward the excitation source uctuations and provides
a self-referencing character to the sensor. LIR method has been
widely employed for doped and co-doped Ln-based
© 2024 The Author(s). Published by the Royal Society of Chemistry
materials,42,43 TM-based materials,44 and TM/Ln co-doped
materials such as the case of manganese/europium-activated
Y3Al5O12 crystal.45 Another aspect of the LIR route is
combining two bands with different behaviors; one with non or
weak temperature trend and the second has a strong emission
variation with temperature which is the case of several reports
such as europium-doped TiO2.46 Recently, A. Ćirić and his co-
workers developed, a new methodology based on the squared
emission intensity applied to several phosphor materials.47 The
readout method consists of studying the overlapped emission
bands; sharp rst one and broad second one, which is mainly
the case of chromium(III) and manganese(IV) ions. K. Trejgis and
his team studied the emission behavior of one single emission
band of Nd-doped NYF4 phosphor12 by calculating the LIR
parameter of the same emission band that changes its prole by
the use of two different excitation wavelengths. I. E. Kolesnikov
et al.48 have made a step further for the LIR method develop-
ment by using the dual-mode excitation spectra for europium-
doped LaVO4. The method has been applied for a very large
temperature range (98 to 773 K) by employing two different
excitation sources and investigating their temperature trend.
Alongside the intensity emission, several parameters were
developed to get a better sensitivity for the temperature sensor.
Spectroscopic parameters such as time decay,37 band spectral
broadening,49 band shi,50 Raman photoluminescence inten-
sity ratio,51 and many others52–54 were all used for the develop-
ment of new optical thermometry perspectives. However, even
with the various readout schemes available, the luminescence
intensity-based approach and its alternatives are still the most
employed ones in actual literature reports, thanks to their
simple instrumentations and very short processing time. On the
other hand, other methods such as bandwidth and band shi
offer much higher precision but generally require signicant
variation so that an accurate temperature can be detected,
which is not the case in the majority of literature reports.

Among the different optical thermometry-based phosphor
materials, the literature reviews have poorly dealt with the ZS
crystal lattice. It can be noticed as well that all of the published
papers have, only, focused on manganese-doped zinc silicate
material (ZSM). V. Lojpur et al.55 were the rst to prove the
potential use of such material in contactless thermometry by
investigating the LIR parameter between the well-known strong
green emission band and the non-temperature dependent
lattice defects in the [303–573 K] thermal range. A similar
approach has been utilized recently by M. N. Bessadok et al.56

Therefore, Huang et al.57 have employed the LIR scheme by
combining europium-doped Gd2O3 with ZSM material to
enhance the performance of the obtained phosphor-based
sensor. L. El Mir58 as well as K. Omri et al.59 have studied the
time decay of the ZSM sample in the [77–300 K] range and
shown promising results. Luminescence lifetime decay is a very
attractive readout method since it is unaffected by external
electromagnetic eld interference and the inhomogeneity of the
light elds. However, it always needs a quite higher processing
time and complex instrumental setup.

In order to improve the performance of zinc silicate-based
optical thermometer, doping with high emitting ions such as
RSC Adv., 2024, 14, 39598–39608 | 39599
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lanthanide elements is a wise approach. Among the numerous
lanthanides, europium stands as one of the most utilized ones
thanks to its bright and high color purity red emission bands.
While other lanthanide elements such as terbium (Tb3+),
neodymium (Nd3+) and dysprosium (Dy3+) possess tremendous
optical properties, trivalent europium has its own unique
features such as a higher quantum efficiency alongside superior
stability. Furthermore, europium is much more abundant in
Earth's crust compared to other lanthanide elements that are
less easily extracted and/or remarkably more expensive. In
addition, the use of europium is primarily specialized to
displays and optical technologies, while other lanthanide
elements being used in broader elds such as batteries and
magnets. Hence, europium become more favorable choice than
other lanthanide elements to develop the thermometric prop-
erties of materials.

Herein, we present in the current paper the thermometry
properties of europium(III)-doped Zn2SiO4 material, carried out
at very low temperatures. Despite the numerous papers dealing
with Eu3+ activated ZS material,60–64 we cannot nd any
temperature dependence study nor luminescence thermometry
investigation of the sample. For that, we propose in the present
study to look into the structural, morphological, vibrational,
and optical properties of the Eu-doped zinc silicate sample. The
optical thermometry study has been fullled as well for the rst
time. The obtained results from the luminescence study prove
the great potential to explore such a ceramic composite material
in optoelectronic devices. More importantly, the good sensi-
tivity value in the cryogenic temperature range (typically below
120 K) serves for temperature measurement in a broad range
with quite high accuracy. The use of Eu-activated zinc silicate
for optical thermometry is crucial since it enables local
temperature measurement in hostile conditions with limited
access. Such measurement is done in a contactless way that
does not interfere with the system and maintains its stability
toward perturbations, so that we obtain an accurate tempera-
ture measurement. As a result, it can be employed for low-
temperature systems such as superconducting materials and
superuid helium (He II).

2. Material and method

One of the novelties of this work is the use of multi-step
homemade protocol. Previously, our laboratory team group
have successfully produced several metal doped zinc silicate
through the same procedure, that exhibits excellent lumines-
cence properties.21,65,66 We suggest here the employment of such
protocol to elaborate lanthanide-activated zinc silicate material.
In this process, Eu-doped Zn2SiO4 aerogel material embedded
in a silica glass matrix was fabricated through a modied sol–
gel method using supercritical conditions of ethanol in
a stainless-steel autoclave. First, nanoparticles of Eu1%-doped
ZnO (EZO) were synthesized in such a way that [Eu]/[Zn] = 0.01
using zinc acetate dihydrate (Zn(CH3COO)2$2H2O, 99%, Sigma-
Aldrich) and europium(III) acetate hydrate (Eu(CH3CO2)3$xH2O,
99.9%, Sigma-Aldrich). Then, tetraethylorthosilicate (TEOS)
(C8H20O4Si, 98%, Sigma-Aldrich) was employed to get SiO2/
39600 | RSC Adv., 2024, 14, 39598–39608
ZnO:Eu1% composite at a maximum temperature of 250 °C. At
this stage, ZnO grains are incorporated into the porous silica
body, where Zn and Si species are quite close. Finally, the
composite will be heated at 1200 °C for 2 hours to transform it
into SiO2/Zn2SiO4:Eu1% (EZS) glass–ceramic material using
a solid-state reaction. Since Zn and Si atoms are quite close, the
reaction will be much easier, which creates a smaller grain
compared to the classic solid-state methods that produce
a large micrometer grain at high annealing temperatures. More
details about the synthesis method can be found in our previous
work.65 Room temperature structural, morphological and
optical–vibrational properties were studied by a PANalytical
diffractometer (l = 1.540598 Å), HD2700 Hitachi scanning-
transmission electron microscope (STEM), equipped with
mapping element imaging, JASCO FT-IR 4X spectrometer and
a WITec ALPHA300R+ confocal Raman microscope equipped
with a 488 nm excitation laser. Room and low-temperature
photoluminescence properties are investigated through a Fluo-
rolog-3 Horiba spectrophotometer coupled to an R928 Hama-
matsu photomultiplier with a 450 W Xe arc lamp for excitation.
3. Results and discussion
3.1. Eu-doped ZnO characterization

Fig. 1 shows the different characterizations of the EZO sample.
X-ray diffraction (XRD) pattern proves the good establishment
of the hexagonal-wurtzite structure of ZnO nanoparticles, sup-
ported also by a hexagonal shape like in the transmission
electron microscope (TEM) image. In addition, we note the
appearance of the characteristic peaks of ZnO crystal lattice in
both Fourier transformation infrared (FTIR) and Raman
spectra, which is in very good agreement with the literature.67,68

From the obtained data, we can conrm the successful
synthesis of EZO nanoparticles, which will be the starting point
for studying the properties of SiO2/EZS composite material.
3.2. Structural, morphological and vibrational properties of
Eu-doped Zn2SiO4

Fig. 2(a) and (b) show the XRD pattern of SiO2/EZS composite
material. Well-crystallized peaks related to silica and zinc sili-
cate are shown with silica being crystallized into a cristobalite
allotropic phase (JCPDS card no. 01-071-0785). In many studies
related to zinc silicate material, researchers are reporting a pure
ZS phase with no impurities or secondary phase, which is
related to the used protocol in which they have a total vanishing
of silica phase.20,33 On the other hand, this is not the case in our
study since silica is present in excess and plays a crucial role as
a matrix; a protector of zinc silicate grains from the outside
environment. In addition, we have performed an optical–
vibrational study through FTIR and Raman analysis. The
transmitted infrared light curve (Fig. 2(c)) demonstrates the
presence of ZnO4 (619 cm−1) and SiO4 (870, 906, 933 and
975 cm−1) absorption bonds. These tetrahedrons are the main
components of the zinc silicate structure. A periodic lattice of
ZnO4 and SiO4 tetrahedrons composes a Zn2SiO4 structure with
one shared oxygen atom in the middle. More discussions about
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Different room temperature characterizations of EZO sample. (a) XRD diffractogram. (b) TEM image. (c) FTIR transmitted light curve. (d)
Raman spectrum recorded at 488 nm excitation wavelength.
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the crystalline structure of zinc silicate material are nicely
described in the work of T. I. Krasnenko and her team.15 In
addition, we show the existence of siloxane (Si–O–Si) active
modes in the Raman spectrum reported at 874, 910, and
954 cm−1 (Fig. 2(d)). The obtained results are in very good
agreement with the literature11,19 and come to conrm the XRD
results that prove the good establishment of the zinc silicate
phase.

Moreover, the microstructure of the sample has been
investigated through the STEM technique (Fig. 3) which shows
a micrometer-sized body related to the silica phase that acts as
a coater of zinc silicate's grain. The mapping analysis images
(different atoms as labelled by different colors; green for oxygen,
blue for zinc, red for silicon and cyan for europium) prove
a typical core/shell structure of the SiO2/ZS system. The
observed morphology is a direct consequence of the utilized
homemade protocol and it presents a similar result compared
to the case of manganese-doped ZS crystal, studied previously
by our laboratory team.69 It can be said that these features
encouraged us to investigate the photoluminescence properties
of the samples. In reality, luminescence properties are directly
enhanced by the presence of a core–shell morphology, since the
shell will reduce the non-radiative surface defects, stabilize the
© 2024 The Author(s). Published by the Royal Society of Chemistry
internal core as well as enhance the luminescence thermometry
sensitivity.70–72

In summary, the developed home-made protocol presents
a powerful synthesis procedure for implanting phosphors
materials into silica porous matrix body. Such procedure has
a big advantage in term of dispersing the grains into the matrix.
The closeness of Zn, Si and O atoms into the structure help to
obtain the desired phase in a much simpler way while keeping
a smaller size than conventional solid-state methods. A very
good homogeneity and dispersion of the grains is obtained, that
will enhance the photoluminescence properties of the samples.
3.3. Photoluminescence investigation of Eu-doped Zn2SiO4

Room temperature photoluminescence (PL) emission curve of
EZS material (Fig. 4(a)) depict typical emission lines of Eu3+ ions
related to the well-known 5D0–

7FJ transitions. The red emission
peaks are located at 577, 591, 610, 652, and 703 corresponding
to J = 0–4 respectively. The same graph shows the room
temperature photoluminescence excitation spectrum (PLE)
which reveals typical absorption bands arising from an efficient
charge transfer from 7F0 and

7F1 states. Fig. 4(b) shows an extra
green broad emission band related to zinc silicate intrinsic
RSC Adv., 2024, 14, 39598–39608 | 39601
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Fig. 2 Different characterizations of the EZS sample. (a) XRD diffractogram with different labels corresponding to silica and zinc silicate phases.
(b) A close look into [23–60°] angular range of XRD graph. (c) FTIR transmitted light curve. (d) Raman spectrum recorded at 488 nm excitation
wavelength.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 6
:5

5:
40

 A
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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
defects. Y. Sun et al.73 have studied the defects emission into
zinc silicate lattice. In their paper, the authors mentioned that
such a green band arises essentially from zinc vacancy defects
(VZn), which come from the stoichiometric ratio deciency of
zinc atoms and the effect of high annealing temperature. In
addition, such emission seems to persist in the whole [12–300
K] range with a weak temperature dependence character (onset
Fig. 4(c)). Besides, a broad blue emission appears around
450 nm which seems to disappear beyond 180 K. I. M. Alibe
et al.74 have studied the room temperature PL emission of pure
ZS material and reported a sharp weak blue emission at around
447 nm, they explain that emission is arising from oxygen
defects. P. Diana and her co-workers have reported a similar
band (∼463 nm) at room temperature, which enhances a lot by
raising the calcination temperature from 800 to 1200 °C,
without identifying its true origin. For our case, we propose that
such a band comes from silica's lattice oxygen-native defects.
Such attribution is sustained by the fact that the SiO2 lattice is
rich in several visible-emitted centers related to oxygen defects
arising from the different experimental conditions as reported
earlier.75,76 More particularly, we propose that the blue emission
band is related to the intrinsic defects called oxygen deciency
centers-type II (ODC II), which are created in irradiated glasses
39602 | RSC Adv., 2024, 14, 39598–39608
and present two-fold coordinated silicon centers (]Si/) that
are responsible, generally, for the emission band around [440–
460 nm].77 This is supported as well by the double absorption
bands at 274 and 282 nm (onset Fig. 4(d)) that are similar to the
case of the Si–SiO2 thin layers system (∼269 nm) which
contributed to the blue emission (∼450 nm) as reported by A. P.
Baraban et al.78 Additionally, the PLE spectra show a strong Eu–
O charge transfer band (CTB) around 240 nm. It can be specu-
lated, also, that such a band can be attributed to the non-
bridging oxygen hole center (NBOHC) which is a typical silica
defect that absorbs energy at around 4.8 eV (258 nm). The
overlapping of both absorption bands is still possible and
cannot be ruled out.

In conclusion, since europium ion has a different oxidation
state (+III) than zinc's (+II), some crystal defects will be created
in order to balance the charge deciency. This is supported, as
well, by the use of multi-steps elaboration method coupled to
the high annealing temperature, leading to an increased
amount of zinc and oxygen defects. These imperfections are
characterized by different emission centers positioned in the
bandgap of zinc silicate material, and they are populated
through an effective energy transfer from the high absorption
band at 5.16 eV (240 nm). Hence, the population of such centers
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Morphology of SiO2/Zn2SiO4:Eu through TEM setup. (a) SiO2/EZS composite. (b) Zoom of the mentioned frame. (c) Mapping element
analysis of (b).
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will generate the blue/green emission followed by the charge
carrier recombination to the valence band. Such bands have
a very weak temperature dependency which presents a solid
point to base on in thermometry study.
3.4. Luminescence thermometry study

We have clearly shown in Fig. 4(c) that the EZS sample can emit
in the whole [12–300 K] range with an intensity quenching effect
by the measurement temperature increment. This feature is
a good starting point to explore the luminescence thermometry
properties of the sample. The performances of phosphor-based
sensors can be examined by calculating the relative sensitivity
given in percentage per kelvin (% K−1) that, generally, surpasses
∼1% K−1 for good temperature sensors. In most LIR studies,
researchers are using coupled levels from doped Ln-based
© 2024 The Author(s). Published by the Royal Society of Chemistry
phosphors. In general, the thermal levels coupling takes place
by using two adjacent energy states obeying to Boltzmann
distribution law (LIR ∼ exp(DE/kBT)) with an energy gap lower
than 2000 cm−1. This limitation helps avoid the decoupling
process which makes the temperature effect much less
predominant for the energy transfer process between over-
lapped states. Nevertheless, that limitation will lead to
a maximum value of the relative sensitivity that cannot be sur-
passed (Sr = DE/kBT

2). This restriction makes the use of the
sensor, less important in several applications. That is why, to
overcome the issue, researchers are taking into consideration
other ways such as non-thermally coupled levels coming from
different Ln ions (such as the case of Tb3+/Eu3+ and Yb3+/Er3+

ref. (79)) and the emission centers from the host intrinsic deep
defects. In our case, we considered four different LIR parame-
ters by combining the deep host emissions (blue one at 450 nm
RSC Adv., 2024, 14, 39598–39608 | 39603
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Fig. 4 (a) Typical absorption and emission spectra of EZS sample at room temperature. (b) Emission spectrum at 235 nm excitation wavelength.
(c) Emission spectra of EZS sample at 240 nm excitation wavelength for the whole [12–300 K] temperature range. The onset shows a close look
into the [400–560 nm] spectral range. (d) PLE spectra at 12 K for the different emissions. The onset shows a close look into the blue and green
emissions absorption bands.

Fig. 5 Temperature evolution for LIR1–4 parameters. The entire
patterns are fitted with 3rd order polynomial function.
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and green at 530 nm) with the europium's strongest emission
lines (7F1 at 591 nm and 7F2 at 611 nm). The different LIR
parameters are dened as follows (by referring to intensity):

LIR1 ¼ I450

I591
; LIR2 ¼

I450

I611
; LIR3 ¼

I530

I591
; LIR4 ¼

I530

I611
:

The europium lines are highly temperature-depending
parameters while the host deep defects have a weekly temper-
ature dependence character. This latter is the key factor in the
new LIR methods, in which the ratio is calculated based on
a weekly or non-temperature dependent emission band so that
the second line cannot be affected by measurement errors like
those coming from excitation source uctuation, the inhomo-
geneity of the nano-phosphor or the instabilities in the detec-
tion. This method brings a lower sensitivity to disturbance,
higher reliability and faster response. All the 4 LIR curves are
presented in Fig. 5 with the suitable tting parameters
summarized in Table 1 corresponding to a 3rd order polynomial
function (LIR = A0 + A1T + A2T

2 + A3T
3), which has been widely

employed37,80–83 despite not being a widespread model
compared to the Boltzmann and/or Arrhenius-like t equation
models. It is worthmentioning that in some cases, the LIR value
will be similar at two different temperature values, which
restricts its applicability in optical thermometry. That is why the
tting line as well as the operating temperature range will be
limited to [12–120 K] for LIR (1–2) and to [12–140 K] for LIR (3–4)
parameters.
39604 | RSC Adv., 2024, 14, 39598–39608 © 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07535h


Table 1 Fitting adjustment parameters of the 3rd order polynomial LIRs curves

LIR 1 LIR 2 LIR 3 LIR 4

A0 0.17227 0.06752 0.17936 0.07202
A1 0.00594 9.76178 × 10−4 0.00805 0.00143
A2 1.95698 × 10−5 9.19241 × 10−6 −2.70114 × 10−5 −1.34763 × 10−6

A3 −2.92278 × 10−7 −8.56441 × 10−8 −1.06873 × 10−8 −2.19279 × 10−8

R2 adjusting coefficient 0.9975 0.9970 0.9991 0.9994
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As reported before, the relative sensitivity is one of the best
parameters to base on in luminescence thermometry theory
since it shows the potential use of the phosphor materials as
a practical contactless thermometer in different temperature
ranges. It describes also the performances and allows them to
compare the several sensors. The relative sensitivity is given
generally by the following equation:

Sr ¼
�
�
�
�

100%

LIR

dLIR

dT

�
�
�
�

(1)

The Sr curves corresponding to the different ratios are pre-
sented in Fig. 6. The reported maximum sensitivity values are
2.14, 1.27, 2.36, and 1.37% K−1 for LIR1–4 respectively. The
obtained values are quite good compared to the earlier reports
dealing with Eu3+-single doped phosphor material using the
LIR technique (Table 2). It is noteworthy as well that most
studies are dealing with high-temperature range values above
Fig. 6 Pattern of relative sensitivity (Sr1−4) versus temperature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
room temperature (>300 K). In addition, to the best of our
knowledge, this is the rst report dealing with the thermom-
etry properties of Eu-doped zinc silicate material at low
temperatures.

To sum up, to the best of our knowledge, this is the rst
attempt to uncover the potential use of Eu-doped Zn2SiO4 in the
optical thermometry research eld. Indeed, the LIR method has
gained popularity in the actual reports since it calculates the
intensity ratio between two different dopant elements or more
that are easily measured in current optical devices. Actually,
such procedure is simpler to use and lead to tremendous rela-
tive sensitivity values across a broad operating temperature
range.9 Nevertheless, co-doping with another lanthanide is
more expensive due to the elevated cost of raw precursors. That
is whymerging one single lanthanide element's emission bands
with intrinsic host defects remains an effective low-cost
approach. Such procedure requires always the use of the suit-
able host lattice in which the effect of the intrinsic defect is
RSC Adv., 2024, 14, 39598–39608 | 39605
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Table 2 Comparison between different sensitivity values reported in the literature, which obtained from single Eu3+-doped host materials. The
given values of Sr concern, only, those using the intensity ratio technique between one host defect emission band and one europium emission
line

Material Optical readout scheme Sr (% K−1) Operating temperature range (K) References

Zn2SiO4:Eu 1% LIR 2.14 12–120 Current study
1.27
2.36 12–140
1.37

SrZrO3:Eu 2% LIR 2.22 300–550 84
LiCa3ZnV3O12:Eu 0.75% LIR 1.18 303–483 85
LiCa3MgV3O12:Eu 0.25% LIR 1.69 303–523 86
Ba3La(VO4)3:Eu 0.01% LIR 1.77 298–573 87
YVO4:Eu 0.1% LIR 1.38 123–323 88
Na3Y(VO4)2:Eu 15% LIR 2.70 298–440 8
TiO2:Eu 3% LIR 2.43 307–533 46
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signicant. In this regard, the sol–gel method is still a rapid and
inexpensive synthesis procedure for obtaining a ternary silicate-
based system that shows such intrinsic defect with appreciable
thermal behavior. Moreover, zinc silicate has a less complex
lattice than certain vanadate-based materials commonly used
for optical thermometry (Table 2) as well as some other
advanced systems, such as perovskites43 and garnet-structured
materials.89 In addition, it must be said that despite the fast
expansion of optical thermometry methods, this eld still
immature since it needs a further development to eliminate
some theoretical and methodological issues. In that sense, it
must be in mind that the performance of any sensor is
a combination of the used phosphors materials, readout
scheme and the theoretical t-model employed since there is no
unique model for LIR data tting. That is why; efforts are driven
towards nding new optical active host materials with innova-
tive readout schemes and methods for data analysis tting, and
even re-investigating the old ones to correct some common
errors in calculations.
4. Conclusion

In the present work, we have successfully produced zinc silicate
phosphor material embedded into a silica host matrix. The
employed protocol developed by our lab team presents a simple
tool to get an homogeneous structure with good physical
properties. XRD and TEM analysis prove the successful estab-
lishment of the desired phase with zinc silicate grains shielded
by the host matrix that helps to reduce surface defects and
enhance the optical properties. FTIR and Raman analysis
support the successful synthesis of the sample and show the
presence of zinc silicate ngerprint peaks (SiO4, ZnO4, and Si–
O–Si bonds). Doping with europium helps to enhance the
optical properties of the sample, which presents ne sharp red
emission lines with two broad bands at blue and green spectral
regions (450 nm and 530 nm respectively). The low-
temperature measurement study is helping to investigate the
luminescence thermometry properties of Eu-doped zinc sili-
cate. Four different LIR parameters were studied to show the
39606 | RSC Adv., 2024, 14, 39598–39608
potential use of such crystal material in optical thermometry. A
maximum sensitivity value of about 2.36% K−1 is obtained
when combining the broad green emission with the 7F1 emis-
sion line. Despite the good reported values, some additional
investigations are required to enhance to performance of the
sensor and expand the operating temperature range using
a second Ln/TM activator. The different incorporated ions are
inducing several orbitals overlap into the coordinate energy
diagram, which facilitates the charge transfer process between
the various states. Therefore, it contributes signicantly to the
elevation of sensitivity value and enlarging the operating range
temperature.
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39 M. D. Dramićanin, J. Appl. Phys., 2020, 128, 040902.
40 K. Kniec, K. Ledwa and L. Marciniak, Nanomaterials, 2019, 9,

1375.
41 N. Saxena, P. Kumar and V. Gupta, RSC Adv., 2015, 5, 73545–

73551.
42 D. Ananias, F. A. Almeida Paz, L. D. Carlos and J. Rocha,

Chem.–Eur. J., 2018, 24, 11926–11935.
43 H. Zhang, Z. Gao, G. Li, Y. Zhu, S. Liu, K. Li and Y. Liang,

Chem. Eng. J., 2020, 380, 122491.
44 L. Marciniak, K. Kniec, K. Elżbieciak-Piecka, K. Trejgis,
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