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ABSTRACT   
 
The performance of YuGdwVO4 microcrystals with different atomic concentrations of Y3+ and 
Gd3+ ions, co-doped Er3+ -Yb3+ , as thermometers, exploiting two different calculation methods based 
on the fluorescence intensity ratio is investigated in the non-saturation regime. At a low excitation 
power density of 20 W cm-2, the thermometric parameters are approximately the same for all the 
analyzed sensors. Whereas for an excitation power density of 155 W cm-2, they are widely different 
all along the 303-513 K temperature range of study. Such as an increase on the Gd3+ ion 
concentration in the microcrystals induces a lattice expansion that can result in the decreasing of the 
lattice field surrounding the Er3+ ions and then it could enhance greatly the thermometric 
performances. For both calculation methods, it has been demonstrated that the ∆EFIR (fitted from the 
FIR curves) and the ∆ETS (determined using the TeSen Calculator program) values are lower than 
the ∆E` experimental (fitted from the emission spectra measured at room temperature), whenever the 
sample is heated and then the thermometric parameters are less competitive.   

 
Keywords: Er3+/Yb3+: YuGdwVO4, fluorescence intensity ratio, stoichiometry, laser heating, non-
saturation regime. 
 
1. Introduction 
 

The temperature is a very important unit in thermodynamics. It is the most commonly 
measured physical parameter in science, industries, and life activities. In particularly, it is necessary 
to be determined for biological and technological applications, such as measuring the temperature of 
microfluidics and microcircuits, to name a few [1-2]. Thus, it is well advanced to monitor it during 
material processing for controlling the quality of the final products as well as in biomedical areas, 
where temperature provides basic diagnostic criteria [3-4]. The precise of measuring it for materials 
has a major impact on both scientific research and practical production. Recent years have seen the 
rise of luminescent temperature sensors (T-sensors) based on active rare earth (RE) doped materials 
which is a topic of scientific research and practical production owe to its extensive applications in 
different fields [5-8]. These non-contact luminescent thermometry could provide fast response, good 
accuracy, high spatial resolution, and tunable size in comparison with the traditional thermal sensing 
methods (invasiveness and big sizes) [9-11]. To measure the temperature of a distant object [12], the 
change in the luminescence properties of the active ion in a particular host matrix is recorded as a 
function of temperature. 

Based on temperature-dependent luminescence parameters, such as the change in the 
relative intensities of different emission bands, the change in their polarization, the spectral position, 
the narrowing of the bands and the lifetime [10], various luminescent variations can be detected to 
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correlate them with the active material temperature and calibrate the T-sensor accordingly. Among 
the luminescent temperature sensing methods, the extremely promising and the most widely used 
one is based on the fluorescence intensity ratio (FIR) technique, where a two thermally coupled levels 
(TCLs) of triply charged lanthanide (Ln3+) ions are essential to calibrate the optical response of the T-
sensor [12,13-18]. Such as the energy gap, ΔE,  separating these level pairs must be large enough 
to avoid strong overlapping of the two emissions (> 200 cm-1) and, in meanwhile, short enough (< 
2000 cm-1) to enable the upper level to have a minimum population of Ln3+ ions in the temperature 
range of interest [19]. Therefore, the energy gap between those two TCLs must be, at certain 
temperatures, of the same order of magnitude as the thermal energy (ΔE ∼kBT being kB the Boltzmann 

constant and T, the temperature) to guarantee the population of the upper level following a simple 
Boltzmann distribution where the emission intensities of these thermalized levels strongly depend on 
temperature [12,13-14,20]. Hence, this method allows determining temperature via analysis of the 
emission intensity ratio between two TCLs without influences of the fluorescence losses and 
fluctuation of excitation intensity. Then, it can provide accurate fluorescent intensity measurements 
which leads to better temperature calibration performance [21-25].  

Several Ln3+ ions such as Eu3+, Ho3+, Nd3+, Pr3+, Sm3+ and Er3+ have energy level pairs which 
satisfy the above criteria and have been widely used in optical T-sensors [12,14]. However, Er3+ ion 
is the most used Ln3+ ion for this application [14]. Representatively, Er3+ ion can emit green light at 
around 18500 cm−1 (∼550 nm) under 980 nm excitation [26], Yb3+ ion generally absorbs 980 nm 
photons and enhances emission intensities of Er3+ ions as sensitizer [27-28]. And the Er3+ ion which 
includes TCLs, 2H11/2 and 4S3/2 with a small energy gap of around 800 cm-1 [29-30], is appropriate for 
FIR technique with preferable sensitivity and accuracy [31-32].   

Recently, many papers in the literature dealing with optical T-sensors reported that the 
outstanding properties of host materials that contain structure, cut-off phonon energy, 
thermal/chemical stability and functionality determine the exploring ranges and temperature 
sensitivities of optical T-sensors based on the FIR technique [14,33-35]. Several successful 
applications rely on the FIR technique using green anti-Stokes emissions from Er3+ ions (2H11/2 and 
4S3/2 TCLs) have been extensively explored and the host materials are mainly vanadate matrices [36-
38]. 

According to the conventional opinion, with taking into consideration the expression of the 
relative sensitivity Sr = ΔE/kBT2, where ΔE is the energy separation between the two emitting states 
involved [14], the TCLs of Er3+ ions must own the similar relative sensitivity values. It must be stressed 
that it is strictly right when the electronic population between the two TCLs is strictly governed by the 
Boltzmann distribution law. However, a lot of pioneering works carried out by Marciniak et al., as well 
as other groups, proved that there are several physical effects that can influence on the luminescence 
thermometry [26,39-33]. Then, it must be stated here that in the real scenario, multiple factors, 
including the dopant concentrations, the excitation intensity and regimes, the nano or micro 
thermometers crystal quality and particle size, multiphoton non-radiative processes, among others, 
are expected to impose an impact on the real luminescence intensity ratio, and thus on the actual 
thermal sensitivity [22,44-45]. 

In our previous works, we have reported that the 1 at. % Er3+, 20 at. % Yb3+: GdVO4 
microcrystals (MCs) operated under anti-Stokes emission process have the best thermal sensitivity 
with the value of 1.20 % K-1 at 303 K among all the prepared RE vanadate compounds [28]. Moreover, 
we have demonstrated that, for the same sensitizing matrix, the excitation laser power has an effect 
on the final thermal sensitivity to a large extent. And the temperature sensing based on the FIR 
technique can be improved with exciting at low excitation laser powers [46]. Great efforts are still 
underway in the development of these optical sensing materials with high sensitivity. As known, the 
optimization of the thermal sensitivity relies mostly on the most appropriate matrix, and the selection 
of a suitable host material, is crucial to enable the lower probability of non-radiative processes and to 
optimize the performance of optical thermometer. Then, herein, we use different concentrations of 
Y3+ and Gd3+ ions in the vanadate host matrix 1 at. % Er3+, 20 at. % Yb3+: YuGdwVO4 to compare their 
sensing behaviors, and further discuss the concentration effects on the FIR technique and the 
excitation power density impacts on the relative thermal sensitivity of the thermometric sensors. Also, 
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we will compare the calculation of the FIR by a program written on Matlab software that was already 
used and tested for determining the thermometric abilities of materials with a classical calculation 
using OriginLab@software. We will explore it for our developed compounds with presenting a 
comparison with the manual method used usually to determine the thermometric performance of 
materials. 

 
2. Experimental section 
 
Synthesis of luminescent Er3+, Yb3+ co-doped YuGdwVO4 microcrystals.  
 

MCs of 1 at. % Er3+, 20 at. % Yb3+ co-doped YuGdwVO4 (u and w being the atomic concentrations 
of Y3+ and Gd3+ ions inserted in the co-doped YuGdwVO4 rare earth vanadate host; (u, w) = (0.79, 0), 
(0.5, 0.29), (0.29, 0.5) and (0, 0.79)) were synthesized through a simple high temperature solid-state 
reaction. The used precursors and materials even the method of synthesis have been fully detailed 
in our previous works [28,46]. In brief, the chemical precursors, in a stoichiometric mixture, after being 
grinded and mixed carefully, were submitted to a thermal treatment at a constant temperature of 1173 
K for 6 hours in a conventional oven under ambient atmosphere. 

 
Apparatus. 

 
The powder X-ray diffraction (XRD) patterns of the prepared compounds were recorded on a Bruker 

AXS D-8 Advance diffractometer equipped with a Cu Kα radiation source (λ = 1.5406 Å), operating 
at 40 kV and 40 mA. Sample morphologies were observed with an environmental scanning electron 
microscopy (SEM, FEI QUANTA 600). 

The vibration modes of the samples were analyzed at room temperature (RT) using PERKIN-
ELMER-983 G Fourier transform infrared (FT-IR) spectrometer in the range of 400-4000 cm-1.  

 Anti-Stokes RT emission of the Er3+, Yb3+ co-doped YuGdwVO4 MCs were measured using a 
homemade luminescence microscope setup. The excitation of the samples was carried out with an 
Apollo Instruments Inc. diode laser with emission at 980 nm and a variable power density values in 
the 20-445 W cm-2 range. A microscope objective with 20x magnification and 0.40 numerical aperture 
was used to focus the laser beam on the samples. The emission was collected by the same 
microscope objective, and it was sent to an optical spectrum analyzer (OSA) Yokogawa AQ6373 to 
be recorded with a resolution of 10 nm and an integration time of 10 s. The scattered excitation 
radiation was eliminated by using a 750 nm short pass dichroic filter (Thorlabs). The measurements 
of the temperature-dependent anti-Stokes emission were performed using the same equipment 
where the MCs were placed in a heating stage (Linkam, THMS 600) in which the temperature is 
measured by a thermocouple with a temperature resolution of 0.1 K. All the measurements of the 
temperature-dependent anti-Stokes emissions were made every 10 K from 303 to 513 K.  

 
3. Results and discussion 
 
3.1. Microstructural characterization of Er3+, Yb3+ co-doped YuGdwVO4 microcrystals.  

 
The normalized intensity XRD patterns of Er3+, Yb3+: YuGdwVO4 MCs synthesized by the solid-

state reaction method are displayed in Fig. 1(a). These patterns were compared to standard JCPDS 
Cards no 017-0260 and 082-1968 of GdVO4 and YVO4, respectively [47-48]. The observed XRD 
patterns match well with the given standard patterns and their sharp peak indicate the formation of 
highly crystalline materials in the tetragonal phase with the I41/amd space group. This is crucial for 
the application intended by this work, because higher crystallinity could be explained by less defects 
and then stronger luminescence features [49]. There was no intermediate or mixed phase observed 
except slight shifts of all diffraction peaks to the lower angle side with the increase of the Gd3+ 
concentration from 0 to 79 at. % within the Er3+, Yb3+: YuGdwVO4 MCs due to the difference between 
the ionic radii of Y3+ and Gd3+ ions [50]. The inset in Fig. 1(a) shows magnifications of the three intense 
shifted peaks mentioned with stars in Fig. 1(a), corresponding to the (200), (112) and (312) planes. 
These peak displacements are according to the variation of the unit cell dimensions related to the 
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change of the ionic size, which can be ultimately related to the ionic radius of Gd3+ (1.053 Å) ions that 
is slightly larger than those of Y3+ (1.019 Å), Er3+ (1.004 Å) and Yb3+ (0.985 Å) ions (coordination 
number = 8) [50].  

 
To confirm the phase purity and to determine the structural details of the synthesized 

compounds, Rietveld refinements of the powder diffraction data have been performed using the 
FullProf program. The peak profile has been defined using the Pseudo-Voigt function. Fig. 1(b), (c), 
(d) and (e) presents the Rietveld data fit on X-ray diffraction data for the Er3+, Yb3+: YuGdwVO4 MCs 
with the difference pattern between observed and calculated data. The crystal structural cell and 
parameters as well as reliability factors (Rp, Rwp, and Rexp) and goodness of fit (χ2) for the Er3+, Yb3+: 
YuGdwVO4 MCs are displayed in Table 1.  

 
The goodness of fit, representing the difference between the weighted and expected profiles, 

is calculated using the following expression: χ2 = (Rwp / Rexp)2, then whenever the (χ2) will be closer 
to the unit whenever the fit will be better [51]. In this work, the obtained (χ2) values for all the refined 
patterns were found to be lower than the 2.75 value obtained by Muhr et al. for the Eu3+: GdVO4 [52]. 
In fact, these lower values of (χ2) state the fit accuracy, and the good quality and high precision of the 
refinement. 

The substitution of Y3+ ions (r = 1.019 Å) by the Gd3+ ions with larger radii (r = 1.053 Å) within 
the Er3+, Yb3+: YuGdwVO4 compound induces an increase in unit cell parameters with increasing its 
atomic concentration (see Table 1). In fact, the increase of these a and c crystallographic parameters 
of Er3+, Yb3+: YuGdwVO4 results in a host lattice expand. This expansion could be brought on by 
occupying the interstitial site of host lattice [53]. This replacement of Y3+ ions with Gd3+ ions caused 
an increase in cell volumes to be raised from 317.800 Å3 for the Er3+, Yb3+: Y0.79VO4 to 325.856 Å3 for 
the Er3+, Yb3+: Gd0.79VO4 (see Table 1).  
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Fig. 1. (a) Normalized intensity X-ray diffraction patterns of Er3+, Yb3+: YuGdwVO4 MCs synthesized 
by the solid-state reaction method. The standard XRD patterns, corresponding to GdVO4 (JCPDS 
data, PDF card No. 017-0260) and YVO4 (JCPDS data, PDF card No. 082-1968) were included for 
comparison. Inset shows magnifications of the three intense shifted peaks mentioned with stars. (b), 
(c), (d) and (e) Rietveld refinement for Er3+, Yb3+: YuGdwVO4 MCs: the observed result is represented 
by black dots, the calculated profile after Rietveld refinement is presented by solid red line and the 
difference between both of them is presented in the bottom by blue line. The Bragg peak positions 
are shown above to the difference plot with green bars. 
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Table 1. Crystal structural parameters of analyzed Er3+, Yb3+: YuGdwVO4 MCs calculated using 
Rietveld refinement, expressed in the space group I41/amd in the tetragonal system. 

Er3+, Yb3+: 
Y0.79VO4 

Er3+, Yb3+: 
Y0.5Gd0.29VO4 

Er3+, Yb3+: 
Y0.29Gd0.5VO4 

Er3+, Yb3+: 
Gd0.79VO4 

a = b (Å) 7.111 7.149 7.164 7.177 
c (Å) 6.285 6.308 6.318 6.327 
c /a 0.884 0.882 0.882 0.882 
Cell volume (Å3) 317.800 322.300 324.288 325.856 
Rp (%)  
Rwp (%) 
Rexp (%) 

18.7 
22.9 
16.7 

23.7 
26.8 
24.0 

25.7 
28.5 
24.1 

17.9 
20.4 
16.6 

χ2 1.89 1.24 1.40 1.52 
 Rp:  profile factor. 
 Rwp: R-weighted profile factor. 
 Rexp: R "expected" in the absence of systematic error. 

 

To compare the structural change occurred by introducing Gd3+ with the literature, the cell 
volumes dependent on the atomic concentration of Gd3+ ions of the as prepared samples has been 
plotted in Fig. 2. A relevant comparison with the results obtained by Tyminski et al. [54] has been 
shown also in Fig. 2. It has been found that the cell volumes increases from 306.1 Å3 to 314.8, 318.8 
and 324.5 Å3, respectively, with the replacement of Lu3+ ions (r = 0.977 Å) with La3+, Y3+ and Gd3+ 
ions with larger radius of 1.160, 1.019 and 1.053 Å, respectively [54]. A very small difference in 
volumes could be observed between the 1 Er3+, 20 Yb3+: Y0.79VO4 and 1 Er3+, 20 Yb3+: Gd0.79VO4 
samples of this study in comparison with the same samples developed by Tyminski et al. [54]. This 
difference could be attributed to the difference in particle size [37]. Therefore, a larger radii for Ln ion 
based material host may raise the cell parameters and then the cell volumes.  

 
Fig. 2. Stoichiometric effect on the Crystal structural feature of the Er3+, Yb3+: YuGdwVO4 MCs 
compared to the results obtained by Tyminski et al. for the Er3+, Yb3+: REVO4 (RE = Gd, Y, La and 
Lu). The squares represents the data obtained by the samples of this work. The circles represents 
the data obtained from the work done by Tyminski et al.. 

 
Fig. 3 display typical SEM images of Er3+, Yb3+: YuGdwVO4 MCs. This figure illustrates that all 

the Er3+, Yb3+: YuGdwVO4 prepared samples presents the same features. Such as those images show 
grains in the micron range or even larger, that have more or less homogeneous smooth surfaces. 
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They are clearly discrete from each other where some of them are agglomerated into larger crystals 
in some regions and they are distributed in a heterogeneous way.  

 

 

Fig. 3. SEM images of the as obtained Er3+, Yb3+: YuGdwVO4 MCs. u and w being the atomic 
concentrations of Y3+ and Gd3+ ions inserted in the co-doped YuGdwVO4 rare earth vanadate host. 
 

Fig. 4(a) shows the FTIR spectra of Er3+, Yb3+: YuGdwVO4 synthesized MCs. No differences 
exist between the spectra of all the prepared compounds. All the spectra are dominated by two 
stretching vibration bands attributed to the Gd-O and/ or Y-O bond and to the V-O bond in the VO4 
group of the host lattice [55-57]. The changes of the phonon vibration energies of those observed 
bands according to the atomic concentration of Gd3+ ions are presented in Fig. 4(b). 

The phonon vibration energy of the V-O bond varies in the 738-762 cm-1 interval from an 
analyzed rare earth vanadate host to another one, without showing any tendency of variation with the 
increase of the atomic concentration of Gd3+ ions at the expense of Y3+ ions. This variation could be 
related to the anisotropy in the VO4 coordination. However, the strength of the crystal field in the Gd-
O and/ or Y-O bonds seems to be rather constant for all the analyzed samples and they are observed 
at around 450 cm-1 (see Inset of Fig. 4(a), and Fig. 4(b)). It appears also, for all shown spectra in Fig. 
4(a), several weak absorption bands extended in the 1465-985 cm-1, 3084-2809 cm-1 and 3900-3569 
cm-1 ranges, which they are attributed to the H-O-H groups of water molecules formed in view of the 
climate humidity [55]. The vibration energy of these bands doesn't change with the variation of the 
atomic concentration of Y3+ and Gd3+ ions inserted in the studied rare earth vanadate host.  
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Fig. 4. (a) FTIR spectra of Er3+, Yb3+: YuGdwVO4 MCs obtained by the solid-state synthesis method. 
Inset shows magnifications of the normalized transmittance of the Gd-O and/or Y-O and the V-O 
absorption bands. (b) Dependence of the phonon vibration energies of V-O and Y/Gd-O bonds on 
the atomic concentration of Gd3+ ions in the Er3+, Yb3+: YuGdwVO4 rare earth vanadate host. 
 
3.2. Dependence of the luminescent anti-Stokes emission of Er3+, Yb3+: YuGdwVO4 MCs with the 

excitation laser power density and the stoichiometry.   
 

The room temperature photoluminescence anti-Stokes emission spectra in the 500-580 nm 
spectral range of the Er3+, Yb3+: YuGdwVO4 MCs excited at 980 nm were recorded at different pumping 
power densities in the range of 20-445 W cm-2 as shown in Fig. 5. 

All these spectra exhibits two strong emission bands located in the green visible region, which 
comes from the 2H11/2→4I15/2 (̴ 525 nm) and 4S3/2→ 4I15/2 (̴ 552 nm) electronic transitions of Er3+ ions 
[58]. Even at low laser excitation power density (20 W cm-2), the green anti-Stokes luminescence of 
all the analyzed samples can be observed and its intensity increases continuously as the excitation 
power density increases which can be correlated to the increasing electronic populations in the 
excited states of the doping ions (see Fig. 5). Nevertheless, the one coming from the 4S3/2→ 4I15/2 
transition doesn't increase anymore only from the following excitation power density values: 389, 417 
and 361 W cm-2, respectively, for the Er3+, Yb3+: Y0.79VO4; Er3+, Yb3+: Y0.29Gd0.5VO4 and Er3+, Yb3+: 
Gd0.79VO4 compounds and starts to decrease gradually with increasing the excitation power density 
(see Fig. 5(a), (c) and (d)). At low pump power densities, the intensity of green emission band coming 
from the 4S3/2→4I15/2 transition is more intense than that coming from the 2H11/2→4I15/2 transition for all 
the prepared compounds. However, from the pump power density value of 87 W cm-2, the emission 
intensity coming from the 2H11/2→4I15/2 transition becomes more intense than that coming from the 
4S3/2→4I15/2 transition for the Er3+, Yb3+: Y0.79VO4 and Er3+, Yb3+: Y0.5Gd0.29VO4 compounds (see Fig. 
5(a) and (b)). Whereas, for the Er3+, Yb3+: Y0.29Gd0.5VO4 and Er3+, Yb3+: Gd0.79VO4 compounds, this 
inversion has been seen from the pump power density value of 119 W cm-2 (see Fig. 5(c) and (d)).  
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Fig. 5. Excitation laser power density dependent room temperature anti-Stokes emission spectra for 
Er3+, Yb3+: YuGdwVO4 MCs excited with a diode laser emitting at 980 nm using different pump power 
densities (20-445 W cm-2) and recorded in the 500-580 nm range. u and w being, respectively, the 
atomic concentrations of Y3+ and Gd3+ ions inserted in the rare earth vanadate host.  
 

As mentioned by Li et al. [59] in their work that for a non-saturated anti-Stokes process, the 
anti-Stokes emission intensity (Iup) is proportional to the excitation laser power (P), i.e., Iup ∝ Pn, where 
n is the number of NIR photons involved in the process to populate the upper emitting level. Then, to 
determine the excitation power density range in which we should work without saturating the anti-
Stokes emission intensities for all the Er3+, Yb3+: YuGdwVO4 prepared compounds, the double 
logarithmic power density dependence of the integrated intensity of the two green observed emissions 
was plotted as shown in Fig. 6. The linear behavior follows by the experimental data of the green 
integrated intensity emissions can be extended to around a laser excitation power density of 226 W 
cm-2 in all the samples and set-up used. Therefore, the required photons number for populating the 
2H11/2 and 4S3/2 levels can be easily determined from the linear extrapolation slope of the experimental 
data shown in Fig. 6. With a slope value around 2, these emissions are mainly two-photon anti-Stokes 
process. However, at higher excitation power densities, above 226 W cm-2, the experimental data of 
these green integrated emission intensities doesn't follow anymore a linear tendency with the 
excitation power densities. Above this value, the saturation regime is reached and we can mention 
that there are two excitation regimes that characterize the excitation power density region of this 
study.  

Below 226 W cm-2, the ratio of slopes for both emissions generated from the 2H11/2 and 4S3/2 
levels, 𝑛𝑛H and 𝑛𝑛S, respectively, decrease slightly from 1.32 to 1.23 with increasing the Gd3+ atomic 
concentration from 0 to 79 at. % within the Er3+, Yb3+: YuGdwVO4 MCs. This decreasing may reflect 
the dependence of the emitting level populations with the host materials, and then as much as the 
concentration of Gd3+ ions is present in the studied materials as much as the 2H11/2 upper emitting 
level will be populated. Therefore, the increasing of Gd3+ ion concentration may induce lower non-
radiative desecxitation and then higher thermometric performance [49].  
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As minutely discussed previously in the work done by Marciniak et al. [40], in where it was 
well highlighted that the luminescence thermal behavior of luminescent thermometers will depend 
largely on the excitation power density used and then to reach high sensitivity, the materials should 
be excited in the non-saturation regime. Thus, the luminescence thermometric characterization of the 
samples can be performed under anti-Stokes process with any excitation power density lower than 
226 W cm-2 without saturating the anti-Stokes emission intensities. It should be mentioned here that 
the inversion of the emission intensities generated by the two levels 2H11/2 and 4S3/2 at low excitation 
power densities not exceeding 226 W cm-2, is not necessarily due to a saturation process (see Fig. 
5). But it is related especially to a sample heating phenomenon generated by higher excitation power 
densities.  

It is well known that the UC processes are very sensitive to the crystal field of the host matrix 
[43]. In the present study, the crystal field effect created by the host material surrounding the Er3+ ion 
substitute Y and/or Gd sites in the lattice allow to the 2H11/2 and 4S3/2 energy levels of Er3+ ion to be 
split into different energy Stark sublevels depending on the site symmetry and the strength of the 
crystal field. As the strength of the crystal field increases, the splitting of energy sublevels becomes 
greater. And the energy gap between the 2H11/2 and 4S3/2 levels becomes smaller, then the population 
of the 2H11/2 states becomes more important as the temperature increases, and the level becomes 
more populated. This results in the energy level populations increases with the strength of the crystal 
field. Indeed, one of the most promising effects concerning the improvement of energy level 
population can be achieved by the modification of the activation energy of the thermal quenching 
process via the modulation of the relative position of excited and ground states via the modification 
of crystal field strength [60]. Based on the above understanding, the dominant effect in the behavior 
of the studied samples may occur due to the electronic population distribution observed in Fig. 6 more 
than to the change of the crystal field distribution discussed in Section 3.1, which is related to the unit 
cell.  

 
 

Fig. 6. Measured integrated intensities of the green emission bands versus pump power density, after 
excitation at 980 nm; linear fittings correspond to the equation Iup ∝ Pn, and 𝑛𝑛𝐻𝐻 and 𝑛𝑛𝑆𝑆 corresponds 
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to the slopes for the two 2H11/2 and 4S3/2 levels, respectively. u and w being, respectively, the atomic 
concentrations of Y3+ and Gd3+ ions inserted in the Er3+, Yb3+: YuGdwVO4 rare earth vanadate host.  
 
3.3. Experimental luminescence temperature-sensing performance of Er3+, Yb3+: YuGdwVO4 MCs 
under anti-Stokes processes determined using OriginLab@software. 
 

The ratio of the emission intensities of two distinct transitions from the same emitting center 
provides a robust temperature measurement approach. Using the Er3+ green emissions to obtain this 
ratio, the FIR from them can be described as follows [9,14]:   

 
𝐹𝐹𝐹𝐹𝐹𝐹 = 𝐼𝐼𝐻𝐻

𝐼𝐼𝑆𝑆
= 𝑔𝑔𝐻𝐻𝜗𝜗𝐻𝐻𝐴𝐴𝐻𝐻

𝑔𝑔𝑆𝑆𝜗𝜗𝑆𝑆𝐴𝐴𝑆𝑆
𝑒𝑒𝑒𝑒𝑒𝑒 �− ∆𝐸𝐸

𝑘𝑘𝐵𝐵𝑇𝑇
� = 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 �− ∆𝐸𝐸

𝑘𝑘𝐵𝐵𝑇𝑇
�   (1) 

 
being IH and IS, the integrated intensity of the two green emissions arising from the 2H11/2 and 4S3/2 
emitting levels, respectively, from Er3+ ions; gH and gS are the degeneracy of the 2H11/2 and 4S3/2 levels, 
respectively; νH, νS, AH and AS are the frequencies and spontaneous emission rates corresponding 
to these levels; ∆E is the energy gap between the 2H11/2 and 4S3/2 levels in the particular hosts 
(YuGdwVO4 in that case); kB is the Boltzmann's constant; T is the absolute temperature and B is the 
pre-exponential constant. 

To evaluate the temperature sensing performances of different thermometers, it is vital to 
quantify the thermal sensitivity, S, of the fluorescence intensity ratio. Such as for a single emitting 
center, it can be defined in absolute terms, or absolute sensitivity Sa [9]:  

 
𝑆𝑆𝑎𝑎 = 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 𝐹𝐹𝐹𝐹𝐹𝐹 ∆𝐸𝐸

𝑘𝑘𝐵𝐵𝑇𝑇2
  (2) 

 
And in relative terms as it is known by relative thermal sensitivity [9]: 
 

𝑆𝑆𝑟𝑟 = 100% ∗ � 1
𝐹𝐹𝐹𝐹𝐹𝐹

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

� = 100% ∗ ∆𝐸𝐸
𝑘𝑘𝐵𝐵𝑇𝑇2

 (3)  
 

Also, the uncertainty in temperature is a significant factor for judging a temperature sensor, 
and it can be estimated from the sensitivity of the detection system and the calculated relative thermal 
sensitivity, according to the following equation [61]: 

 
𝛿𝛿𝑇𝑇 = 1

𝑆𝑆𝑟𝑟

𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿
𝐹𝐹𝐹𝐹𝐹𝐹

  (4)  
 

where ∂FIR/FIR is the sensitivity of the detection system, with a value, in our case of 0.5 % [62].  
 

As discussed in the last section, to determine the heating effect generated by the excitation 
power density on the thermometric performances according to the atomic concentrations of Y3+ and 
Gd3+ ions inserted in the Er3+, Yb3+: YuGdwVO4 rare earth vanadate hosts, we will excite in the non-
saturated regime with pump power densities less than 226 W cm-2. Consequently, we decided to 
excite with 20 and 155 W cm-2 of pump power densities.  

To evaluate the actual temperature sensing capabilities of the Er3+, Yb3+: YuGdwVO4 
developed sensors operated under anti-Stokes condition and to analyze the effect of the excitation 
laser power density values as well as the impact of the atomic concentration of Y3+ and Gd3+ ions 
inserted in the studied rare earth vanadate hosts on them, the dependence of their temperature anti-
Stokes emission spectra obtained under 980 nm diode laser excitation was measured at two different 
excitation laser power densities of 20 and 155 W cm-2 in the 303 to 513 K temperature range and in 
the 510-570 nm spectral range (see Fig. 7). 

All the spectra show two green emission bands corresponding to 2H11/2→4I15/2 ( ̴ 525 nm) and 
4S3/2→ 4I15/2 ( ̴ 553 nm) transitions of Er3+ ions [58]. At low excitation power density of 20 W cm-2 and 
at low temperatures, the emission intensity coming from the 4S3/2 level is more intense than that 
coming from the 2H11/2 level for all the analyzed samples (see Fig. 7(a), (c), (e) and (g)). With 
increasing temperature, a thermal agitation leads the 2H11/2 level to be populated at expenses of the 



12 
 

4S3/2 level and when the temperature is sufficiently high, the emission intensity coming from it 
becomes stronger than that coming from the 4S3/2 level (see Fig. 7(a), (c), (e) and (g)). However, at 
higher excitation power density of 155 W cm-2, even at low temperatures reaching 303 K, the emission 
arising from the 4S3/2 manifold appears weaker than that arising from the 2H11/2 manifold for all the 
analyzed samples (see Fig. 7(b), (d), (f), and (h)). Then, we can judge that there is an extra-heating 
of the samples generated by the pumping power density, which may represent the origin of the 
inversion of the emission intensities of the 2H11/2 and 4S3/2 levels when we kept the same low 
temperature and we increased the pump power density to 155 W cm-2 of value (see Fig. 7). Taking 
into account the discussion given by Marciniak et al. [40], as a consequence, a decrease of the 
thermometric performance should be observed.  

The experimental energy gap ∆E` can be deduced by fitting the experimental PL spectrum 
recorded at RT and calculating the energy separation between the barycenters of the 2H11/2 and 4S3/2 
levels. The obtained values of ∆E` for all the prepared MCs excited at 20 and 155 W cm-2 are 
summarized in Table 2. As expected, all the obtained values are very similar due to the shielding of 
the lanthanide ion 4f electrons in relation of the crystal field and fall in the 880-901 cm-1 range. A small 
increase in the excitation power density from 20 to 155 W cm-2 does not affect the value of the energy 
gap and it remains almost the same for all studied compounds.  

For the Er3+, Yb3+: YuGdwVO4 studied samples, increasing the concentration of Gd3+ ions at 
the expense of the Y3+ ions with lower ionic size may induce a lattice expansion that can be illustrated 
in the decreasing of the lattice field surrounding the sensitive Er3+ ions. Then the ∆E` value 
representing the energy difference between the two TCLs of Er3+ ions inserted in the YuGdwVO4 host 
will be decreased from a sample to another one with higher atomic concentration of Gd3+ ions, as well 
highlighted in Table 2. This reflects that whenever the atomic concentration of Gd3+ ions is higher 
whenever the effect of the crystal field is less important and the distance between the sites occupied 
by the Er3+ ions is larger. Consequently, the distortion of the site occupied by the Er3+ ions will be 
lower as much as the concentration of Gd3+ ions will be increased.  
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Fig. 7. Temperature dependent anti-Stokes emission spectra of Er3+, Yb3+: YuGdwVO4 MCs measured 
in the 303-513 K temperature range and excited with 980 nm laser diode at two different excitation 
laser power densities of 20 and 155 W cm-2. u and w being, respectively, the atomic concentrations 
of Y3+ and Gd3+ ions inserted in the rare earth vanadate host. 
 
 
3.3.1. Thermometric ratio dependent on the excitation laser power density and the stoichiometry. 

 
Using the experimental spectra shown in Fig. 7, and using the integral area of each manifold, 

the FIR ratio of 2H11/2→4I15/2 versus 4S3/2→4I15/2, as expressed in equation (1), has been calculated for 
each temperature and each excitation laser power density used. The evolution of the FIR with 
temperature together with the fitting curves using equation (1) for the Er3+, Yb3+: YuGdwVO4 MCs 
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operated under anti-Stokes condition with pumping at two different excitation power densities (20 and 
155 W cm-2) are depicted in Fig. 8(a).  

 
Whatever the atomic concentration of Y3+ and Gd3+ ions in the rare earth vanadate host and 

whatever the excitation power density used, the FIR values increase monotonously as the 
temperature increases following an exponential dependence for all the studied samples in the 303-
513 K temperature range (see Fig. 8(a)). This behavior follows strictly the Boltzmann distribution law 
and then we are not working in the saturation range [40]. Since the saturation regime is reached only 
from the value of 226 W cm-2, then this behavior confirms well that the emission intensity inversion 
between the 2H11/2 and 4S3/2 level emissions at RT, seen earlier for the excitation power density of 
155 W cm-2 (in Fig. 7), is not related to a saturation phenomenon but it is related only to a heating 
effect generated by the high excitation power density. 

In the 303-513 K temperature range, the FIR values obtained at an excitation power density 
of 20 W cm-2 always remain lower than those obtained at an excitation power density of 155 W cm-2 
for all the studied samples (see Fig. 8(a)). At low excitation power density of 20 W cm-2, the 
representative FIR curves are almost overlapped for all the Er3+, Yb3+: YuGdwVO4 studied samples. 
Then, at each given temperature, the FIR values are rather the same value whatever the atomic 
concentration of Y3+ and Gd3+ ions. However, at higher excitation power density of 155 W cm-2, it 
appears a large difference between the FIR values at each given temperature, such as the increase 
of the Gd atomic concentration within the Er3+, Yb3+: YuGdwVO4 MCs lead to the decreasing of these 
values (see Fig. 8(a)). Then, it can be deduced that as lower as the Gd atomic concentration used as 
much as the population of the 2H11/2 level at the expense of the 4S3/2 level will be promoted in view of 
the crystal field effect which is most important in the Er3+, Yb3+: YuGdwVO4 MCs with higher atomic 
concentration of Y3+ ions. 
The equation (1) describing the Boltzmann distribution law can be rewritten in a logarithm form as:  
 

ln(𝐹𝐹𝐹𝐹𝐹𝐹) = ln(𝐵𝐵) + �−∆𝐸𝐸
𝑘𝑘𝐵𝐵𝑇𝑇

� = ln(𝐵𝐵) + �− 𝐶𝐶
𝑇𝑇
�  (5) 

 
where B and C are the constants that are needed to be determined in the experimental calibration of 
our sensors.  
 

The logarithm plot of the FIR values as a function of the reciprocal absolute temperature in 
the 303-513 K range for the Er3+, Yb3+: YuGdwVO4 samples operated under anti-Stokes condition and 
at two different excitation power densities of 20 and 155 W cm-2 are shown in Fig. 8(b). 

 
The experimental data for all the studied samples follow the expected linear tendency that 

can well be fitted to a straight line according to equation (5). They show a good correlation between 
experiments and theory (see Fig. 8(b)), knowing that all the experimental data and the theoretical 
ones exhibit a regression factor over 99 %. With exciting at 20 W cm-2 pump power density, the 
experimental data obtained for the Er3+, Yb3+: YuGdwVO4 compounds are approximately overlapped 
and presents almost the same angle of inclination, then they should provide same slope and 
intersection values. However, with exciting at 155 W cm-2 pump power density, they are little apart 
from each other and they became more inclined with moving from lower atomic concentration of Gd3+ 
ions to higher ones. Subsequently, it may result in an increasing in the slope values with the increase 
of the concentration of Gd3+ ions and different intersection values will be obtained for all the analyzed 
samples. 

The fitted energy gap value (slope at a nearby factor, kB), ∆EFIR, as well as the pre-exponential 
factor (intersection), BFIR, for the different samples excited at the two different pump power densities 
can be derived easily from the fitting of the ln (FIR) data and they are listed in Table 2. Following the 
same line of reasoning, the ∆EFIR and the BFIR values should be the same for all the studied 
compounds excited at 20 W cm-2. While, for a pump power density of 155 W cm-2, they should be 
different such as the ∆EFIR values will be increased with the increase of the concentration of Gd3+ ions 
within the Er3+, Yb3+: YuGdwVO4 MCs. 

The results shown in Table 2 confirms well that the obtained ∆EFIR and BFIR values are nearly 
the same for all the studied compounds excited at low excitation power density of 20 W cm-2, and 
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they were found to be in the ranges 736-770 cm-1 and 22.5-25.6, respectively. However, they are 
widely different with exciting at 155 W cm-2 and their values vary in the ranges 419-725 cm-1 and 14-
26.2, respectively. Also, at this later excitation power density, these parameters show a progressive 
rise in their values whenever the atomic concentration of Gd3+ ions within the Er3+, Yb3+: YuGdwVO4 
MCs increases, which may result in the increase of the thermometric performances of the analyzed 
thermometers. 

It is obviously seen that for all the studied Er3+, Yb3+: YuGdwVO4 compounds the ∆EFIR values 
determined at low pump power density (20 W cm-2) always remain greater than those determined at 
higher pump power density (155 W cm-2), such as for both cases (low and high pump power densities) 
they underestimate the experimental energy gap value ∆E`. Therefore, it will be an advance to 
conclude that whenever the ∆EFIR value is lower than the experimental one ∆E`, whenever the sample 
will be more heated. As has been illustrated [28,46], the thermometric parameters will be affected by 
these heating effects and then, they will be less efficient.   

 
In fact, equation (1) is strictly right when the electronic population between the two TCLs is 

strictly governed by Boltzmann distribution law. However, as mentioned in the introduction, several 
factors will impact the real luminescence intensity ratio, and then the actual thermal sensitivity [22,44-
45]. As reported by Li et al. [44], the δE (%) data; representing the difference percentage of the fitted 
∆EFIR energy gap from the ∆E` expected one which is calculated using the multi-peak fitting structure 
of the emission spectrum recorded at 303 K; calculated according to the following formula: δE = (∆E`-
∆EFIR) x 100/ ∆E`, can be correlated with the increase of importance of the thermal quenching 
processes, which will alter the electronic population between the two TCLs making it to differ from 
Boltzmann distribution law. So, as reported in Table 2, the sample in which the thermal behavior 
differs less from Boltzmann distribution is the one excited at 980 nm with a pump power density of 20 
W cm-2, Er3+, Yb3+: Gd0.79VO4. Then, this sample should have the best relative thermal sensitivity, 
which will be verified later in the following section.  

 
Fig. 8. (a) Integrated fluorescence intensity ratio of the Er3+ green anti-Stokes emissions for the IH/IS 
transitions, for the Er3+, Yb3+: YuGdwVO4 MCs excited at two different excitation power densities of 20 
and 155 W cm-2, measured in the 303-513 K temperature range. (b) Monolog plot of FIR for Er3+, 
Yb3+: YuGdwVO4 MCs excited at two different excitation power densities (20 and 155 W cm-2) as a 
function of the inverse of temperature and the corresponding fitting according to the Boltzmann 
distribution law described in its logarithm form (𝐥𝐥𝐥𝐥(𝑭𝑭𝑭𝑭𝑭𝑭) = 𝐥𝐥𝐥𝐥(𝑩𝑩) + (−∆𝑬𝑬

𝒌𝒌𝑩𝑩𝑻𝑻
)).  

 
 
Table 2. Comparison between the experimental fitted energy gap values and the numerical ones 
between the 2H11/2 and 4S3/2 thermalized levels of Er3+ ions (∆E` fitted from the PL spectra measured 
at RT, ∆EFIR fitted from the FIR curves, δE  is evaluated by (∆E`-∆EFIR  ) x 100/ ∆E` and ∆ETS 
determined using the TeSen Calculator program) and between the pre-exponential constant (BFIR 

determined from the fitted FIR curves and 𝑎𝑎 determined using the TeSen Calculator program) for the 
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as-grown Er3+, Yb3+: YuGdwVO4 samples operated under anti-Stokes condition at two different 
excitation power densities of 20 and 155 W cm-2 in the 300-513 K temperature range.  
 

Samples Power density 
(W cm-2) 

∆E` 
(cm-1) 

∆EFIR 
(cm-1) 

δE (%) ∆ETS 
(cm-1) BFIR 𝑎𝑎 

Er3+, Yb3+: 
Y0.79VO4 

20 901 755 16 804 22.5 26.7 
155 899 419 53 476 14 18.1 

Er3+, Yb3+: 
Y0.5Gd0.29VO4 

20 891 769 14 800 25.6 28.9 
155 890 471 47 508 15.5 18.6 

Er3+, Yb3+: 
Y0.29Gd0.5VO4 

20 888 736 17 777 22.6 27.1 
155 889 521 41 541 16.7 18.7 

Er3+, Yb3+: 
Gd0.79VO4 

20 884 770 13 767 24.7 24.6 
155 880 725 18 763 26.2 30.9 

 
3.3.2. Laser heating and stoichiometric effects on the thermometric performances. 

 
Using the FIR data and the ∆EFIR values obtained from the linear fit of the logarithm plot of 

FIR as a function of the reciprocal absolute temperature shown in Fig. 8(b); and with applying the 
equations (2) and (3), the experimental absolute (Sa) and relative (Sr) thermal sensitivities for all the 
analyzed samples have been calculated in the 303-513 K temperature range and at the two different 
excitation power densities of 20 and 155 W cm-2 (see Fig. 9). Their optimal values are given in Table 
3. 

The Sa values for all the studied samples excited at 20 and 155 W cm-2 are found to be in the 
7.524 x 10-3 K-1 (303 K) and 14.373 x 10-3 K-1 (513 K) interval, respectively, for Er3+, Yb3+: 
Y0.79VO4 excited at 20 W cm-2 and for Er3+, Yb3+: Gd0.79VO4 excited at 155 W cm-2. While, for the same 
excitation power densities of 20 and 155 W cm-2, the Sr values are found to be in the 0.229 % K-1 
(513 K)- 1.207 % K-1 (303 K) interval, respectively, for Er3+, Yb3+: Y0.79VO4 excited at 155 W cm-2 and 
for Er3+, Yb3+: Gd0.79VO4 excited at 20 W cm-2 (see Fig. 9).  

Fig. 9(a) shows that the Sa values doesn't follow a clear tendency either as a function of 
temperature or as a function of excitation power density regarded to the atomic concentration of Y3+ 
and Gd3+ ions used in the analyzed samples based on Er3+, Yb3+: YuGdwVO4. However, we can 
assimilate that at low laser excitation power density (20 W cm-2), Sa increases monotonously with 
temperature without showing a significant difference between their values from a sample to another 
one with higher or lower atomic concentration of Gd3+ ions. Nevertheless, at higher laser excitation 
power density (155 W cm-2) it is rather stable with temperature for all the analyzed samples, except 
that for the Er3+, Yb3+: Gd0.79VO4 compound which has the same tendency of variation (increases with 
temperature) as at low excitation power density (20 W cm-2). In addition, the Sa values obtained for 
the developed sensors excited at 20 W cm-2 always remain lower than those excited at 155 W cm-2 
up to the temperature of 413 K. From the later temperature, the Sa values of some of them excited at 
20 W cm-2 becomes higher than those of some sensors excited at 155 W cm-2. It is obviously seen 
that in the 303-343 K temperature range, the best absolute thermal sensitivity was appreciated by the 
Er3+, Yb3+: Y0.79VO4 compound excited at 155 W cm-2 with a value of 12.901 x 10-3 K-1 at 313 K. While, 
in the 343-388 K temperature range, the best one was achieved by the Er3+, Yb3+: 
Y0.5Gd0.29VO4 compound excited at 155 W cm-2 with a value of 12.342 x 10-3 K-1 at 343 K. At 
temperatures higher than 388 K, the best one was achieved by the Er3+, Yb3+: Gd0.79VO4 compound 
excited at 155 W cm-2 with a value of 14.373 x 10-3 K-1 at 513 K.  

Regarding to the results presented in Table 3, the optimal Sa values are roughly the same 
whatever the atomic concentration of Gd3+ ions and the excitation laser power density used. They 
vary in the 11.621-14.373 x 10-3 K-1 (at 513 K) range and they are found at higher temperature of 
study for lower excitation power density of 20 W cm-2 and at lower one for higher excitation power 
density of 155 W cm-2. Except, the Er3+, Yb3+: Gd0.79VO4 compound excited at 155 W cm-2 has 
achieved the best absolute sensitivity at a temperature of 513 K. 

Taking into account the expression of Sr (equation (3)) which is directly related to the energy 
gap value multiplied by a nearby factor (1/(kB x T2)) and what has already been mentioned above 
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concerning the ∆EFIR value (from Fig. 8(b)), it is expected that the Sr values will be almost the same 
at low excitation power density for all the studied compounds and that will not be the same at higher 
excitation power density. Also, the Sr values determined at low pump power density (20 W cm-2) will 
always remain greater than those determined at higher pump power density (155 W cm-2). Fig. 9(b) 
confirms well what is already mentioned above, such as the Sr values decreases gradually as the 
temperature increases for all the thermal sensors operated at the two different excitation power 
densities (20 and 155 W cm-2). At an excitation power density of 20 W cm-2 and for each given 
temperature, the Sr values are almost the same for all the analyzed sensors. Whereas for 155 W cm-

2 excitation power density, they are widely different all along the 303–5013 K temperature range. 
Then, at low excitation power density of 20 W cm-2, the increase of the atomic concentration of Gd3+ 
ions at the expense of Y3+ ions don’t affect the Sr of the studied sensors, which is not the same case 
for higher excitation power density (155 W cm-2). Such as, for the excitation power density of 155 W 
cm-2, at each given temperature the Sr value rise from a sample to another one with higher atomic 
concentration of Gd3+ ions used. Therefore, for our studied sensors, we may conclude that at higher 
excitation power density (155 W cm-2) when comparing the relative sensitivity among different hosts, 
the lattice field surrounding the sensitive Er3+ ions will gain an effective importance, which could not 
be considerable at too low pump power density of excitation (20 W cm-2). In fact, at higher pump 
power density, as much as the distance between the sites occupied by the sensitive Er3+ ions is larger 
as much as the effect of the crystal field is less important leading to an efficient increase of the relative 
sensitivity of the temperature sensor. In addition, the Sr values determined at 20 W cm-2 always 
remain higher than those determined at 155 W cm-2 along the 303-513 K temperature range of study. 
Meanwhile, the Er3+, Yb3+: Gd0.79VO4 excited at 155 W cm-2 presents Sr values that are nearly equal 
to those of analyzed samples excited at a lower excitation power density of 20 W cm-2. Then, we 
could mention that the later sample excited at 155 W cm-2 with the higher concentration of Gd3+ ions 
could resist more to the laser heating effect than the other samples that contains Y3+ ions with lower 
ionic size.  

In view of the results summarized in Table 3, it is obviously seen that at low laser excitation 
power density (20 W cm-2), the optimal Sr values are almost equal to 1.2 % K-1 (at 303 K) for all the 
studied compounds. However, at a higher excitation power density of 155 W cm-2, it is clear that they 
are widely different from each other and they rise from 0.616 (at 313 K) to 1.136 % K-1 (at 303 K), 
respectively, for the Er3+, Yb3+: Y0.79VO4 and Er3+, Yb3+: Gd0.79VO4 MCs. Under both laser excitation 
power densities used, the best relative sensitivities were achieved at RT by the Er3+, Yb3+: 
Gd0.79VO4 compound with values of 1.207 % K-1 (at 20 W cm-2) and 1.136 % K-1 (at 155 W cm-2).  

 
 

Fig. 9. Evolution of the thermometric parameters calculated for the Er3+, Yb3+: YuGdwVO4 MCs in the 
303-513 K temperature range operated under 980 nm at two different excitation laser power densities 
of 20 and 155 W cm-2: (a) absolute thermal sensitivity, and (b) relative thermal sensitivity.  
 

The highest absolute thermal sensitivity of the luminescent-sensor materials we prepared 
was achieved by the Er3+, Yb3+: Gd0.79VO4 MCs excited at 155 W cm-2, with the value of 14.373 10-3 
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K-1 at 513 K. This value is better than those reported in the literature for other materials. Such as, it 
is almost the double than the one reported by Savchuk et al. (6.9 10-3 K-1) for Er, Yb: GdVO4 
nanoparticles excited at 980 nm and analyzed in the 297- 343 K temperature range [36]. Also, it is 
significantly higher than those reported for Er, Yb: GdVO4 (8.5 10-3 K-1), Er, Yb: GdVO4@SiO2 (10.1 
10-3 K-1), Er, Yb: YVO4 (10.5 10-3 K-1), and Er, Yb: YVO4 (11.69 10-3 K-1) analyzed in the 307-473 K, 
297-343 K, 320-598 K and 302-483 K temperature ranges, respectively [36,37-38,63]. Meanwhile, 
the optimal relative thermal sensitivity obtained by the Er3+, Yb3+: Gd0.79VO4 MCs excited at 20 W cm-

2 with a value of 1.207 % K-1 at 303 K is similar to those reported for Er: YVO4 (1.23 % K-1 at 300 K), 
Er, Yb: YVO4 (1.178 % K-1 at ∼293 K), Er, Yb: GdVO4 (1.11 % K-1 at 307 K), Er, Yb: GdVO4@SiO2 
(0.94 % K-1 at 343 K), and Er, Yb: YVO4 (0.919 % K-1 at 302 K) [36-37,63-65]. Also, it is almost double 
the one reported by Singh et al. for Er, Yb: YVO4 (0.584 % K-1 at 320 K) [38]. The comparison of the 
obtained data for the thermometric performance, in terms of sensitivity, with those reported in the 
literature, suggests that the luminescence thermometers we prepared would provide a higher 
accuracy.  

According to equation (4), using the above obtained Sr values and the sensitivity of the 
detection system (0.5 %) [62], the temperature resolutions (δT) of all the analyzed sensors have been 
determined, and their variations in the 303-513 K temperature range and at the two different excitation 
power densities used (20 and 155 W cm-2) have been presented in Fig. 10. Their optimal values are 
shown in Table 3.  

The δT values determined for all the analyzed sensors fall in the 0.413 K (at 303 K)-2.178 K 
(at 513 K) interval, respectively, for Er3+, Yb3+: Gd0.79VO4 excited at 20 W cm-2 and for Er3+, Yb3+: 
Y0.79VO4 excited at 155 W cm-2.  

According to equation (4), the thermal resolution can be read as the inverse of the relative 
thermal sensitivity multiplied by a constant factor characterizing the detection system used, which is 
0.5 % [62]. Thus, it is expected that the thermal resolution will behave as the inverse of the relative 
thermal sensitivity and will depend on the same factors as those on which Sr depends. In fact, one 
would be expected that the δT values will be almost the same at low excitation power density (20 W 
cm-2) which is not the same case for higher excitation power density (155 W cm-2). Even, the δT 
values determined at low pump power density (20 W cm-2) will always remain lower than those 
determined at higher pump power density (155 W cm-2). This expectation is well confirmed by Fig. 10 
representing the evolution of δT with temperature for all the analyzed samples excited at 20 and 155 
W cm-2, such as it is obviously seen that δT increases monotonously as the temperature increases. 
Following the same reasoning as for Sr, at each given temperature, the δT values are almost the 
same for all the analyzed sensors excited at 20 W cm-2. While, with exciting at 155 W cm-2, they 
became widely different from each other depending on the atomic concentration of Gd3+ ions inserted 
in the rare earth vanadate host. Such as, as much as the atomic concentration of Gd3+ ions is higher 
as much as the thermal resolution of the sensor is more efficient. Then, at higher excitation pump 
power density of 155 W cm-2, the thermal resolution shows an important dependence on the atomic 
concentration of Gd3+ ions and it could be enhanced whenever the concentration of Gd3+ has 
increased. In fact, at 155 W cm-2, the decrease of the crystal field effect may lead to a better thermal 
resolution of the studied sensors, which is not the same case for lower excitation pump power density 
(20 W cm-2) where any essential difference for several Gd3+ concentration can be found. Indeed, the 
efficient δT for all the analyzed sensors have been obtained under low excitation power density of 20 
W cm-2. Nevertheless, the Er3+, Yb3+: Gd0.79VO4 compound excited at 155 W cm-2 shows values that 
are nearly equal to those of analyzed sensors excited at 20 W cm-2. Since the δT depends on the 
same factors as those on which Sr depends, then the use of rare earth ions with larger ionic size in 
the bases of the studied host may reduce the importance of the non-radiative depopulation processes 
and guarantee a better Boltzmann distribution population between the TCLs, which could enhance 
greatly the δT.  

Regarding to the results presented in Table 3, it can be seen that the optimal δT values 
obtained at low excitation power density of 20 W cm-2 are around 0.42 K (at 303 K) for all the studied 
compounds. However, at a higher excitation power density of 155 W cm-2, it decreases from 0.811 K 
(at 313 K) to 0.439 K (at 303 K) for the Er3+, Yb3+: Y0.79VO4 and Er3+, Yb3+: Gd0.79VO4 MCs, 
respectively. For both laser excitation power densities used, 20 and 155 W cm-2, the efficient thermal 
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resolutions have been reached at RT by the Er3+, Yb3+: Gd0.79VO4 compound with values of 0.413 K 
and 0.439 K, respectively.  

 
 

Fig. 10. Evolution of the thermal resolution calculated for the Er3+, Yb3+: YuGdwVO4 MCs in the 303-
513 K temperature range operated under 980 nm at two different excitation laser power densities of 
20 and 155 W cm-2.  
 
Table 3. Comparison between the experimental and numerical thermometric parameters of several 
FIR-based luminescent thermometers based on Er3+, Yb3+: YuGdwVO4 MCs in the 303-513 K 
temperature range operated under 980 nm at two different excitation laser power densities of 20 and 
155 W cm-2, using the green emissions of Er3+ ions. 
 

Luminescence 
thermometers 

Power density 
(W cm-2) 

Sa  
(10-3 K-1) 

SaTS  
(10-3 K-1) 

Sr  
(% K-1) 

SrTS 
(% K-1) δT (K) 

Er3+, Yb3+: 
Y0.79VO4 

20 11.621 
(513 K) 

12.337 
(513 K) 

1.184 
(303 K) 

1.259 
(303 K) 

0.422 
(303 K) 

155 12.901 
(313) 

14.275 
(333 K) 

0.616 
(313 K) 

0.699 
(313 K) 

0.811 
(313 K) 

Er3+, Yb3+: 
Y0.5Gd0.29VO4 

20 13.009 
(513) 

13.414 
(513 K) 

1.205 
(303 K) 

1.254 
(303 K) 

0.414 
(303 K) 

155 12.593 
(303) 

13.776 
(363 K) 

0.738 
(303 K) 

0.796 
(303 K) 

0.676 
(303 K) 

Er3+, Yb3+: 
Y0.29Gd0.5VO4 

20 11.692 
(513) 

12.996 
(513 K) 

1.153 
(303 K) 

1.218 
(303 K) 

0.433 
(303 K) 

155 12.060 
(303) 

13.018 
(393 K) 

0.817 
(303 K) 

0.848 
(303 K) 

0.611 
(303 K) 

Er3+, Yb3+: 
Gd0.79VO4 

20 12.444 
(513K) 

11.949 
(503 K) 

1.207 
(303 K) 

1.202 
(303 K) 

0.413 
(303 K) 

155 14.373 
(513) 

15.205 
(513 K) 

1.136 
(303 K) 

1.196 
(303 K) 

0.439 
(303 K) 

 

Furthermore, in order to determine the impact of the Gd3+ ion concentration on the optical 
heating of the sample induced by the laser excitation (980 nm) and emission processes, the FIR ratio 
of 2H11/2→4I15/2 versus 4S3/2→4I15/2 has been calculated over the whole excitation pump power density 
range of this study (20- 445 W cm-2) for all the studied samples, using the integral area of each 
manifold of Fig. 5. The pump power density dependence of the FIR ratio between the two green 
observed emissions is shown in Fig. 11(a). It can be seen that by increasing the pump power density 
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from 20 to 445 W cm-2, the FIR (IH/ IS) values increase exponentially for all the studied samples. The 
same patterns are observed in case of FIR vs. temperature graph for excitation pump power densities 
of 20 and 155 W cm-2 (Fig. 8(a)). This may indicate that the sample temperature depends strongly on 
the excitation pump power density used. The lower the concentration of the Gd3+ ion, the higher the 
slope of the FIR curve (see Fig. 11(a)). FIR can increase when the sample temperature increases, 
then it might be inferred that the laser excitation induced the heating of the studied samples. 
Therefore, as discussed previously in the literature by Sinha et al. and Pandey et al., the obtained 
FIR values at different pump power densities can significantly be correlated with the FIR vs. 
temperature graph [66-67]. The temperature gained by the sample due to laser excitation for different 
Gd3+ concentrations can be calculated using equation (1) by determining T as a function of FIR [66-
67]:  

𝑇𝑇 = �∆E
𝑘𝑘𝐵𝐵
� � 1

ln(𝐵𝐵)−ln (𝐹𝐹𝐹𝐹𝐹𝐹)
�   (6) 

 
Going back to the admitted previous conclusion (in Section 3.3.1), obtaining a ∆EFIR value closer to 
the experimental one, ∆E`, could be explained because the sample is less heated by the laser 
excitation. Then, here, we are going to use the ∆EFIR and BFIR values determined from the temperature 
sensing study for all the studied samples excited at 20 W cm-2. The sample temperatures due to laser 
induced heating for the different Gd3+ concentrations could be determined and the dependence of 
their values on the excitation pump power density is presented in Fig. 11(b).  
 

For all the studied samples, the generated temperature increases gradually when increasing 
the pump power density from 20 to 445 W cm-2. Heat generation is maximum for the lowest Gd3+ (0 
at. %) doping concentration and its value decreases as the concentration of this ion increases. Also, 
the higher the pump power density, the higher the heat generation as the Gd3+ concentration 
decreases. The main reason for the heat generated in the samples is the involvement of non-radiative 
transitions [66]. Thus, we can conclude that the increase of the Gd3+ concentration minimizes the 
laser induced heating in the studied samples, and then improves the thermometric performance of 
the luminescent T-sensors developed.   

Considering the two pump power density values used for the thermometric performance study 
(20 and 155 W cm-2), it appears that for the lower pump power density, the heat generation is very 
weak, while, by increasing the pump power density to 155 W cm-2, the heat generation becomes 
significant (see Fig. 11(b)). Therefore, it is expected that the temperature measurement accuracy of 
all the studied samples at low pump power density will not be affected by the laser excitation. 
However, at higher pump power densities, several non-radiative transition processes will be produced 
due to laser excitation heating. Thus, under these conditions, even the measurement of a low 
temperature closer to the RT, the accuracy of the thermometric performance will be reduced, yielding 
to lower relative thermal sensitivities and temperature resolutions, as has been already proved in the 
discussions of Fig. 9(b) and Fig. 10. Moreover, it has been found that for the highest concentration of 
Gd3+ analyzed in this work, the relative thermal sensitivity and temperature resolution have not been 
significatively affected by the increase of the excitation pump power density, and their values remain 
closer to the ones obtained at low pump power densities. 

These results also support that, under low excitation pump power densities, the FIR changes 
follow strictly the Boltzmann distribution law which could enhance the thermometric performance. 
However, at higher excitation pump power densities, the non-radiative depopulation of the excited 
states play a dominant role yielding to a deterioration of the thermometric performance. Furthermore, 
as already a comparison discussion has been introduced in Section 3.1 about Fig. 2, the effect of the 
increase of the Gd3+ doping concentration on the thermometric sensitivity is associated to the 
decrease of the interaction probability with longer Er3+-Er3+ distances in association with the increased 
of ionic radius of Gd3+ in comparison with Y3+. Thus, to summarize, to get a better thermometric 
performance, it is important to use low pump power density excitations, and to use a higher Gd3+ 
concentration at the expense of Y3+ ions.  
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Fig. 11. (a) Dependence of the room temperature FIR of 2H11/2→4I15/2 versus 4S3/2→4I15/2 with the 
excitation pump power density for the Er3+, Yb3+: YuGdwVO4 MCs excited at 980 nm in the 20-445 W 
cm-2 excitation power density range. (b) Temperature changes of the Er3+, Yb3+: YuGdwVO4 phosphors 
excited at 980 nm versus the excitation pump power density.  

 
3.4. Numerical thermometric performance parameters of Er3+, Yb3+: YuGdwVO4 MCs under anti-
Stokes processes determined using TeSen tool. 

TeSen Calculator is a numerical program, developed by Kaczmarek et al. on 2018 using 
Matlab software [68]. It is able to calculate the thermometric sensing parameters; in terms of the 
thermometric parameter FIR, and of the relative and absolute sensitivities; for any kind of ratiometric 
sensor material based on the steady state intensity change of two-emission peaks [68]. In the 
previous section, we have reported and discussed the thermometric parameter results of the prepared 
Er3+, Yb3+: YuGdwVO4 MCs calculated using the OriginLab@software. Here we are going to use the 
TeSen Calculator tool to determine them and we will present a comparison between the results 
obtained from both of these methods of calculation.  

To evaluate numerically the luminescence ratiometric thermometers of Er3+, Yb3+: YuGdwVO4 
MCs excited under an excitation laser wavelength of 980 nm with 20 and 155 W cm-2 as excitation 
pump power densities, we have used the same luminescence emission spectra measured over the 
303-513 K temperature range with an increment of 10 K shown in Fig. 7 and the TeSen Calculator 
program.  

Using the TeSen tool, the thermometric parameter FIR has been calculated using the 
integrated surface areas under the peaks attributed to the 2H11/2→4I15/2 and 4S3/2→4I15/2 transitions of 
Er3+ ions and based on Model 1 described on the numerical program as below [68]:  

 
𝐷𝐷 = 𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝑒𝑒

𝑇𝑇
�   (7) 

 
Such as D corresponds to the FIR integral area ratio of 2H11/2→4I15/2 versus 4S3/2→4I15/2, 𝑎𝑎 corresponds 
to the pre-exponential factor, e represents the value of the energy gap between the two thermalized 
levels of Er3+ ions (∆ETS) divided by the kB Boltzmann's constant and T represents the absolute 
temperature. 

Using the experimental spectra shown in Fig. 7 and the TeSen Calculator program, the FIR 
ratio of 2H11/2→4I15/2 versus 4S3/2→4I15/2, as expressed in equation (7), has been calculated for each 
temperature of study and each excitation laser power density used (20 and 155 W cm-2). The 
evolution of the numerical FIR fit with temperature for the Er3+, Yb3+: YuGdwVO4 MCs, calculated using 
the TeSen tool together with the experimental FIR fit curves determined using OriginLab@software 
and equation (1), operated under anti-Stokes condition with pumping at the two different excitation 
power densities are depicted in Fig. 12.   
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It is obviously seen that the numerical FIR fit data have the same tendency followed by the 
experimental ones discussed as well previously in Section 3.3.1 (see Fig. 12). With exciting at 20 W 
cm-2 and in the 303-513 K temperature range, all the numerical FIR fit data are nearly overlapped to 
each other and to the experimental ones. With exciting at 155 W cm-2, at and closer to RT, the 
numerical data are nearly overlapped with the experimental ones. While, at higher temperatures, they 
overestimate the experimental ones but the difference between their values still not that much 
considerable for all the studied compounds. Taking into consideration the expressions of the absolute 
and relative sensitivities (equations (2) and (3)), the TCLs of Er3+ ions must own numerical absolute 
and relative sensitivity values (obtained with the TeSen Calculator program: SaTS and SrTS) similar or 
nearly equal to the experimental ones (obtained by OriginLab@software: Sa and Sr).  

 
 

Fig. 12. The plot of the corresponding fitting according to the Boltzmann distribution low (described 
in its form: 𝐹𝐹𝐹𝐹𝐹𝐹 = 𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒 �− ∆𝐸𝐸

𝑘𝑘𝐵𝐵𝑇𝑇
�) of the integrated fluorescence intensity ratio of the Er3+ green anti-

Stokes emissions for the IH/IS transitions as a function of temperature in the 303-513 K temperature 
range, for the Er3+, Yb3+: YuGdwVO4 MCs excited at two different excitation power densities. (a) at 20 
W cm-2 and (b) at 155 W cm-2. Solid lines show data determined using the TeSen Calculator tool and 
dashed lines shows data determined using OriginLab@software.  
 

For all the different samples excited at the two different pump power densities (20 and 155 
W cm-2), the numerical energy gap (∆ETS) as well as the pre-exponential factor (a) could be easily 
deduced from the TeSen tool after fitting the FIR data following equation (7). The obtained values of 
𝑎𝑎 and ∆ETS for all the prepared MCs are listed in Table 2.  

It is obviously seen that for all the studied Er3+, Yb3+: YuGdwVO4 compounds the 𝑎𝑎 and ∆ETS 
values determined at low pump power density (20 W cm-2) always remain greater than those 
determined at higher pump power density (155 W cm-2). Except for the Er3+, Yb3+: Gd0.79VO4, 𝑎𝑎 at 155 
W cm-2 is higher than that at 20 W cm-2. At low excitation power density of 20 W cm-2, the obtained 𝑎𝑎 
and ∆ETS values are almost the same for all the studied compounds and they fall in the 24.6-28.9 and 
767-804 cm-1 ranges, respectively. At high excitation power density of 155 W cm-2, they increase 
slightly from a sample to another one with higher atomic concentration of Gd3+ ions. Nevertheless, 
they show an obvious increment from 18.1 and 476 cm-1 for the Er3+, Yb3+: Y0.79VO4 to 30.9 and 763 
cm-1 for the Er3+, Yb3+: Gd0.79VO4, respectively, for the 𝑎𝑎 and ∆ETS parameters. In comparison with 
the fitted obtained parameters, the 𝑎𝑎 and ∆ETS values are slightly overestimating the BFIR and ∆EFIR 
values for both cases of excitation pump power densities, except for the Er3+, Yb3+: Gd0.79VO4 excited 
at 20 W cm-2, they are roughly equal. In addition, for both cases (low and high pump power densities), 
the ∆ETS value underestimate the ∆E` experimental energy gap value (see Table 2). 

Considering the equation (2), it could be seen how the absolute thermal sensitivity will also 
be affected by this ∆ETS value, as well as the 𝑎𝑎 pre-exponential factor. As Suo et al. indicated, when 
comparing the absolute sensitivity among different hosts, the pre-exponential factor will gain 
importance [69], then whenever, the ∆ETS as well as the 𝑎𝑎 values will be larger, the absolute sensitivity 
will be more efficient. Therefore, it will be an advance to conclude that the TeSen Calculator will give 
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us higher absolute sensitivity values in comparison with the ones obtained using OriginLab@software 
method in our samples.  

According to the expression of the relative sensitivity (equation (3)), a larger energy gap 
between the TCLs benefits the enhancement of sensitivity [23]. Therefore, it will be an advance to 
conclude that the TeSen Calculator will give us slightly higher relative sensitivity values in comparison 
with the values obtained using the OriginLab@software method for all the studied compounds. Except 
for the Er3+, Yb3+: Gd0.79VO4 excited at 20 W cm-2, the SrTS and Sr values will be rather the same at 
each given temperature in the 303-513 K whole temperature range of study. Moreover, at higher 
excitation power density (155 W cm-2), the SrTS values will be rather the same for all the compounds, 
except for the Er3+, Yb3+: Gd0.79VO4 they will be larger.  

Using this tool and taking into consideration the ratio of the integrated areas under the peaks 
attributed to the Er3+ green emissions, we have calculated the numerical SaTS and SrTS data points 
along for Model 1. Their evolutions with temperature in comparison with the experimental ones 
calculated using the OriginLab@software are presented in Fig. 13 and their maximum values are 
given in Table 3. 
 It is clearly seen that the numerical absolute and relative sensitivities have the same tendency 
followed by the experimental ones that they were well discussed in Section 3.3.2. Whatever the value 
of the excitation pump power density (20 or 155 W cm-2), the numerical absolute and relative 
sensitivity values overestimate the experimental ones. Such as the difference between them remains 
very small (see Fig. 12). Meanwhile, the Er3+, Yb3+: Gd0.79VO4 excited at 20 W cm-2 shows SrTS and 
Sr data that are almost overlapped (see Fig. 13(c)). However, when it was excited at 155 W cm-2, it 
shows obvious larger SrTS values in comparison with those of the studied compounds with lower 
concentration of Gd3+ ions that shows nearly equal values of SrTS at each given temperature (see Fig. 
13(d)).  

As revealed on Table 3, with pumping at 20 W cm-2, the SaTS optimal values are nearly equal 
to the experimental Sa ones and they were found to be at the 513 K highest temperature. While, with 
pumping at 155 W cm-2, their values still nearly equal to the experimental ones but they were not 
found at the same temperatures as that for Sa. Whatever the excitation pump power density used, 
the optimal values of the numerical SrTS are nearly equal to the experimental Sr ones and they were 
found closer to RT. In accordance with the experimental Sr, the optimal SrTS values are roughly equal 
to 1.2 % K-1 (at 303 K) for all the studied compounds excited at 20 W cm-2. However, with exciting at 
155 W cm-2, they became widely different from each other with varying between 0.699 % K-1 (313 K) 
and 1.196 % K-1 (303 K).  

The small difference on the thermometric parameter values between the numerical and the 
experimental methods used could be related once to the precision on the integrated area of peaks 
and to the goodness of the fit.  
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Fig. 13. Comparison between the numerical and the experimental thermometric parameters 
calculated for the Er3+, Yb3+: YuGdwVO4 MCs in the 303-513 K temperature range operated under 980 
nm at two different excitation laser power densities of 20 and 155 W cm-2: (a) and (b) relative thermal 
sensitivity, (c) and (d) absolute thermal sensitivity. Solid lines show data determined using the TeSen 
Calculator tool and dashed lines shows data determined using OriginLab@software.  
 

4. Conclusion 
 
Summarizing, we have investigated the influence of the excitation pump power density and the 
stoichiometry on the thermometric parameters of the Er3+, Yb3+: YuGdwVO4 developed luminescent 
thermometers that operate using FIR technique. We have compared the thermometric proprieties 
obtained at low and higher pump power densities of anti-Stokes excitation. We have also compared 
the results obtained using the OriginLab@software and the TeSen Calculator tool methods. It is well 
highlighted that whenever the value of the energy gap between the TCLs is closer to the experimental 
one, the luminescent thermometer will be more efficient. In addition, it was shown that the 
thermometric performance strongly depends on the excitation pump power density used and on the 
stoichiometry of the host material. Even in the non-saturation regime, a small rise in the excitation 
power density may affect largely the thermometric performances to be less powerful due to an extra-
heating of the sample. Upon low excitation power density, the thermometric performances are 
approximately not affected by a small modification in the crystal field of the studied host as a 
thermometer. However, upon high excitation power density, due to the decrease of the crystal field 
effect, the increase of the atomic concentration of Gd3+ ions within the Er3+, Yb3+: YuGdwVO4 host 
plays a dominant role and is responsible for the enhancement of the thermometric parameters. The 
two methods of calculation used give a rise to similar or nearly equal thermometric performances. 
Such as at low excitation pump power density of 20 W cm-2, the optimal values of relative thermal 
sensitivity and thermal resolution are rather equal for all the analyzed sensors and they found in the 
vicinity of 1.2 % K-1 and 0.42 K at 303 K, respectively. However, at higher excitation pump power 
density of 155 W cm-2, they became widely different with moving from a sample to another one with 
higher atomic concentration of Gd3+ ions and they also found to be in the same vicinity as low pump 
power density, 1.2 % K-1 and 0.42 K at 303 K, respectively, for the Er3+, Yb3+: Gd0.79VO4 MCs. 
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