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 Abstract 

In the last few years, huge progress has been devoted to the development of remote optical 

thermometry, due to their non-contact, high-sensitivity and fast measurement characteristics, 

which is especially important for various industrial and bio-applications. For these purposes, 

lanthanide-doped particles seem to be the most promising luminescence thermometers. In this 

study, Na3GdV2O8 (NGVO): Tm3+/Yb3+ phosphors are prepared by sol gel method. Under 980 

nm excitation, the upconversion emission spectra are composed of two visible emission bands 

arising from the Tm3+ transitions 1G4→ 3H6 (475 nm), 1G4→ 3F4 (651 nm), a strong emission 

at 800 nm (3H4→ 3H6) in the first biological window and an emission in the third biological 

window at 1625 nm (3F4 → 3H6). Accordingly, the luminescence intensity ratio (LIR) 

between the Tm3+ LIR1(
3H4/

1G4) and LIR2 (3F4/1G4)) transitions demonstrates excellent 

relative sensing sensitivity values (4.2 % K−1 – 2% K−1) and low-temperature uncertainties 

(0.4 K–0.5 K) over a wide temperature sensing range of 300 K to 565 K, which are 

remarkably better than those of many other luminescence thermometers. The NGVO: Tm3+, 

Yb3+ exhibit a stronger NIR emission at low excitation density that has potential uses in deep 

tissue imaging, optical signal amplification and other fields. The results indicate Tm3+/Yb3+: 

NGVO is an ideal candidate for optical thermometer and particular for biological applications. 
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1. Introduction 
 



Real-time temperature detection plays an important role in industry, manufacturing, formation 

of metal alloys, climatology, scientific research, biological and medical applications.1–7 

Luminescent thermometers, such as lanthanide-based, dye-based, QD-based, and polymers-

based probes, have been widely investigated among reported types of thermometers 

(thermocouple, thermistors, thermal cameras, and so on) because of their noninvasiveness, 

short acquisition time, high spatial resolution, and high sensitivity.8–12 Temperature-dependent 

fluorescence bandwidth, lifetime, band shape, spectral shift, or polarization can all be used to 

create these luminous thermometers.13–15.Temperature assessment in complex settings with 

lanthanide-based luminescence intensity ratio (LIR) thermometry is promising, since it is free 

of issues caused by changes in probe concentrations and variations in light excitation and 

detection efficiency. Lanthanide-based LIR thermometry typically employs two thermally 

coupled energy levels in one lanthanide ion, two non-thermally coupled energy levels in one 

lanthanide ion, or temperature dependent energy transfer processes between two lanthanide 

ions, with the empirical exponential or linear growth equation for temperature evaluation.9,16 

In order to deeper tissue penetration, it will be crucial to design a luminescent thermometer, 

including the first biological (NIR-I: 650-950 nm), the Second (NIR-II: 1000−1350 nm), and 

the Third (NIR-III: 1500–1850 nm) for excitement and the detection of the biological optical 

transparency windows.17–19 According to reports on the luminescence behaviors of rare earth 

elements, upon 975 nm excitation, Tm3+ ions can emit in visible at 475 nm, NIR-I at 800 nm 

and NIR-III at 1625 nm emissions, which are located within NIR-I and NIR-III, respectively, 

and they are attributed to the 3H4 to 3H6 and 3F4 to 3H6 radiation transitions respectively. 20,21 

Meanwhile, Yb3+ ions emit the luminous band at NIR-II, which corresponds to the 2F5/2- 
2F7/2 

transition, and they can also function as a sensitizer to enhance Tm3+ emission.22 Based on 

these findings, a thermometer doped with both Tm3+ and Yb3+ may be able to achieve 

simultaneous emission bands in NIR-I and NIR-III using a 975 nm excitation. Moreover, the 

host material has a significant impact on luminous and sensing characteristics. Without a 

doubt, the Vanadate group (VO4)
3-, in which the core metal ion V5+ is coordinated by four 

oxygen ions to create a tetrahedral with Td symmetry, is a highly efficient luminous center 23. 

Double vanadate phosphors with significant UV and near-UV absorption and a wide 

luminescence area have been recommended as potential RE3+ ion hosts. To our knowledge, 

this is the first use of emissions ranging from visible to NIR III from a single combination of 

dopant / sensitizer ions (Tm3+ / Yb3+) in the detection of temperature. In this study, NGVO: 

Tm3+/Yb3+ phosphors are prepared by sol gel method. The upconversion emission spectra of 

the Yb3+/Tm3+ codoped NGVO phosphors have been investigated under 975 nm excitation. 



The upconversion mechanism processes are analyzed. The optical temperature sensing 

characteristics based on non-TCLs are discussed by using the LIR technique. 

2. Experimental  

2.1 Synthesis of Yb3+/Tm3+: Na3Gd (VO4)2 phosphors 

A simple citrate-based sol-gel method  was used to make NGVO Tm3+/Yb3+ phosphors. 

Sigma-Aldrich Co. provided the raw ingredients, which included NaNO3, Tm (NO3)2*5H2O, 

NH4VO3, Yb (NO3)3*5H2O, Gd (NO3)3*5H2O, and citric acid. The proper amount of all 

constituents was weighted and dissolved into 75 ml of de-ionized water to produce a 

homogeneous mixture based on the stoichiometric ratio. The citric acid was then added to the 

aforementioned solution. The citric acid was then added to the aforementioned solution. Citric 

acid has a molar concentration ratio of 2:1 to total metal ions. The solution was then sealed 

with a polyethylene lid and heated for 30 minutes at 80°C with vigorous mechanical stirring. 

The lid was removed from the beaker once the solution's color was altered from yellow to 

blue, and the solution was allowed to evaporate, resulting in the gray wet-gel. The xerogel 

was then obtained following a 12-hour heat treatment in a 120°C oven. Finally, the xerogel 

was placed in an alumina crucible and calcined for 5 hours at 600 °C. 

2.2 Characterization 

The X-ray diffraction (XRD) measurements were performed with a Bruker AXS D8 Advance 

diffractometer. The XRD data were collected in a scanning mode with a step size of 0.015° 

from 20° to 70°. Diffuse reflectance spectrum was taken out by the use of a Lambda 365 UV-

vis spectrometer (PerkinElmer) in the 220-1100 nm range. 

The upconversion emission spectra were acquired with an Andor Shamrock 500 spectrometer 

connected to the silicon or InGaAs CCD cameras, and the apparatus response was adjusted. 

As an excitation source, a tunable continuous wave (CW) Ti: sapphire laser system (Spectra 

Physics 3900-S, pumped by a 15 W 532 nm Spectra Physics Millenia) was tuned to 975 nm 

(10 mW; spot size 0.2 mm). The luminescence decay curves were monitored using an 

analogic storage oscilloscope (LeCroy WS424) connected to the detection system and a 

pulsed parametric oscillator OPO (EKSPLA/NT342/3/UVE) laser to excite the sample.  

3. Results and discussion  

3.1 Structure and morphology 

Fig. 1a shows the XRD patterns of the NGVO codoped Tm3+/Yb3+. Comparing with the 

standard data of NGVO (JCPDS card #49-1789), all the diffraction peaks can be indexed, and 

no other impurity peaks can be detected, which proves the well incorporation of Tm3+ and 



Yb3+ ions in the Gd3+ site. The Rietveld refinement of NGVO:Tm3+/Yb3+ phosphors was 

presented in Fig. S1. The red solid lines and the black circles represented the calculated and 

experimental patterns, respectively. The refined structural parameters for this phosphor were 

listed in Table S1. This indicates that the compounds under consideration had a pure 

monoclinic phase, and the Tm3+ and Yb3+ ions were incorporated into the host lattices without 

modifying the phase structure. The surface morphology and grain size distribution were 

examined using a scanning electron microscope (SEM). The synthesized sample had a 

morphology of agglomerated spheroids-shaped grains with a diameter of 0.5-1 µm on average 

(see Fig. 1b). The observed agglomeration of grains may be due to the high annealing 

temperature and was also present in the NGVO :Er3+.Ho3+/Yb3+ phosphor.26 

3.2. UV VIS NIR Absorption spectroscopy 

Fig. 2 depicts the UV-Vis diffuse reflectance spectra of the NGVO Tm3+/Yb3+ phosphor. It is 

demonstrated that these compounds displayed significant UV absorption due to the charge 

transfer transition of O2- → V5+ in the VO4
3- group27. The 2F7/2 → 2F5/2 (Yb3+) absorption 

transition produces a broad absorption band with a peak at 975 nm.28 The absorption peaks 

located at 682 nm and 796 nm are assigned to the transitions of 3H6 to 3F2 and 3H4  of Tm3+ 

ions, respectively.29 

3.3 Upconversion properties  

The citrate-based sol-gel method was used to synthesize NGVO structures doped with 

the following concentration of doping ions: Yb3+ 10%/Tm3+ 1% 26,29. Based on our 

experience and general knowledge, specified amounts of dopant ions were used in order 

to prevent UC luminescence quenching. ~15% of sensitizer (Yb3+) and low 

concentrations of emitters (up to ~5%) are mostly used for UC systems, as suitable for 

intense emission.  

After 975 nm laser excitation, the synthesized nanomaterial displays a strong, visible to the 

naked eye blue upconversion (anti-Stokes) luminescence. Fig. 3 shows the upconversion 

emission spectra of NGVO: Tm3+/Yb3+ crystals at room temperature. The upconversion 

emission spectra are composed of two visible emission bands arising from the Tm3+ 

transitions 1G4→ 3H6 (475 nm), 1G4→ 3F4 (651 nm), the strong emission at 800 nm attributed 

to the 3H4→ 3H6 transition in the first biological window and an emission in the third 

biological window at 1625 nm, attributed to the transition 3F4 → 3H6 30,  so they are especially 

appealing from the biological point of view. The NGVO: Tm3+, Yb3+ exhibit a stronger NIR 

emission at low excitation density that has potential uses in deep tissue imaging, optical signal 

amplification and other fields 19,31. 



The upconversion luminescence spectra of all the reported materials were analyzed using the 

standard Dieke's diagram of trivalent lanthanide energy levels.32 Fig. 4a shows an energy 

level diagram for the Yb3+ and Tm3+ ions, as well as a schematic representation of the 

possible mechanisms responsible for the generation of upconversion luminescence. 

Furthermore, the intensity of anti-stokes luminescence is proportional to the excitation pump 

power, which is critical for understanding the upconversion mechanism. According to the 

theory, the integral intensity I of the upconversion emission bands depends on the excitation 

power P as 33,34: 

I=P n (Eq 1) 

where n is the number of absorbed infrared photons required for the emission of one visible or 

infrared photon in the range of unsaturated upconversion luminescence. The dependences of 

the logarithm of the integral intensity I of the emission bands on the logarithm of the 

excitation power P of the laser excitation were determined to identify the mechanism of 

photon activation during the upconversion process. The number of photons (n) involved in the 

upconversion processes determines the slope of the associated linear fit. The integrated 

intensities of the anti-stokes luminescence bands for the blue and NIR of NGVO: Yb3+/Tm3+ 

as a function of pump intensity on a logarithmic scale are shown in Fig. 4b. In the materials 

examined two or three-photon processes occur for blue and NIR anti-stokes luminescence. 

The fitted slope is 2.4 and 1.6 for the blue and NIR emission bands, respectively. This 

suggests that a three-photon process is designed to establish the blue, but the NIR 

upconversion emission at 800 nm should be the product of a two-photon process. A three-

photon process involving excited Yb3+ ions and intermediate amounts of Tm3+ ions can 

populate the 1G4 state of Tm3+ ions. The excited Yb3+ ions, in particular, can transfer their 

energy to the Tm3+ ions and excite them from the ground 3H6 level to the excited 3H5 level. 

The Tm3+ ions then relax non-radiatively and populate the 3F4 level. The next exciting Yb3+ 

ions can use their energy to pump Tm3+ ions to the 3F4 level, allowing the 3F2,3 levels to 

populate. The Tm3+ ions in the 3F2,3 levels relax non-radiatively to the 3H4 level once more. 

The Yb3+ ions subsequently transfer their energy to pump the Tm3+ ions to the 3H4 level, 

where they will populate the 1G4 level. Finally, the excited Tm3+ ions in the 1G4 level relax to 

the ground state 3H6, emitting blue light at about 475 nm, while a small number of the excited 

ions relax to the 3F4 level, emitting red light at about 651 nm. The emission of Tm3+ ions 

through their 3H4→
3H6 transitions causes the NIR emission at 800 nm. When the energy of 

two excited Yb3+ ions (the excited Yb3+–Yb3+ pair) is transferred to the excited levels of 

closely nearby 3F2,3 and then to the 3H4 level of the Tm3+ ions following non-radiative 



relaxation, a two-photon event occurs 35–37. The temporal evolution of the upconversion 

emissions under 975 nm excitation have non-exponential character. The kinetics for the 475 

nm emission is represented in Fig 4c. As can be seen it shows a rise and a decay time that it is 

characteristic of the energy transfer processes.38  

Fig. 4c shows the PL decays of the Tm3+ transition: 1G4→ 3H6 (475 nm). The 1G4 emission 

displays a non-exponential decay. The deviation from single exponential decay in the Tm3+ is 

ascribed to the cross relaxation between Tm3+ ions, which even occurs at very low 

concentration (1% Tm3+) 35 . This result can also be explained by the introduction of extra 

decay pathway due to the Yb3+ -Tm3+ energy transfer leading to enhance the decay rate of 

1G4. The effective decay time eff is calculated by: 

𝜏𝑒𝑓𝑓 =  
1

𝐼0
∫ 𝐼(𝑡) 𝑑𝑡

∞

0
   (Eq   2) 

where I(t) denote the PL intensity as a function of time t, and I0 represents the initial PL 

intensity at t = 0. From the decay curves, the effective PL lifetime eff is calculated to 0.323 

ms. From the PL decays of 1G4 of Tm3+ in NGVO: Tm3+/ Yb3+ (Fig. 4c), a build-up is clearly 

seen in the beginning of the curves, which is caused by feeding the 1G4 state of Tm3+ through 

ET from Yb3+. The rise time is calculated to be rise = 0.13 ms. 

3.4 Optical temperature sensing 

We altered the sample temperature to test the feasibility of employing this system for 

temperature sensing. Fig. 5 show the upconversion spectra of the NGVO: Tm3+/Yb3+ sample 

obtained at temperatures ranging from 300 to 565 K using a 975 nm laser. 

For the 1G4 → 3F4 (475 nm) 1G4→ 3F4 (651 nm) transitions of the NGVO Tm3+/Yb3+ sample, 

both emission intensities increase slightly before dropping drastically, which is due to an 

increase in non-radiative relaxation pathways of the high energy excited state, which leads to 

thermal quenching gradually becoming dominant as the temperature rises. Because of the 

thermal enhancement based on phonon-assisted energy transfer between Yb3+ and Tm3+ ions, 

the 3H4→
3H6 transition (800 nm) overcome typical thermal quenching and increase slightly as 

the temperature rises 39,40. As a result, the inverse intensity variations between emission band 

pairings suggest that a double ratiometric method may be used to provide an all-optical 

temperature sensor. The LIR of the two specific band pair (ratio of the integrated peak areas), 

LIR1 (800/475) and LIR2 (1625/475), are therefore calculated in function of the temperature. 

In the temperature range of 300-565 K, Fig. 6a-b shows the LIR1-2 values as a function of 

temperature. The LIR values increase with temperature, and the maxima value are obtained 



when the temperature reaches 565 K. The LIR2 (1625/475) rises by almost 6 K-fold the 

temperature range studied whereas almost 35 K-fold enhancement was noted in the case of 

the LIR1. Theoretically, the energy level gap between the couple (1G4 ,
3H4) and (1G4,

3H5) of 

Tm3+ ion are 8550 cm-1 and 14900 cm-1, respectively.35,41 These values are higher than 2000 

cm-1. Therefore, the Boltzmann equation is no longer applicable because are non-thermally 

coupled energy levels and the LIR can be fitted (R2 > 0.99) by the following second order 

polynomial (Eq. 3), and its coefficients are given in Table S2. 

𝑳𝑰𝑹 =
𝑨+𝑩

𝟏+𝑪∗𝑻+𝑫∗𝑻𝟐        (Eq 3) 

where LIR is the ratio of the integrated emission intensities resulting from different non-

TCLs; the fitting coefficients A, B, C, D, and T is the absolute temperature. 

One of the most important characteristics in practical applications is the relative sensitivity 

(Sr), which characterizes the thermometric capabilities of the material and may be determined 

using the following formula: 

𝑺𝒓 =
𝟏

𝑳𝑰𝑹
∗ 𝝏𝑳𝑰𝑹/𝝏𝑻  (Eq 4) 

where ∂LIR represents the change of LIR corresponding to the ∂T change of temperature. The 

Sr allows for the quantitative assessment of different levels over a wide variety of temperature 

ranges. 

Fig.7 shows how the values of Sr change with temperature for LIR1 and LIR2. On the other 

hand, usually Sr values decrease when the temperature rises for many lanthanides and 

transition ions. Fortunately, by employing the band intensity ratios of Tm3+ (800/475) and 

(1625/475), it is feasible to maintain the great sensitivity of temperature sensing since Sr rises 

with temperature, being approximately 4.2% K-1 and 2.0% K-1 above 565 K for these non-

TCLs. The Tm3+ activated optical temperature sensing materials and their performance 

investigated in recent years are given in Table 1 for evaluation of the optical temperature 

sensor performance of Tm3+/Yb3+ codoped NGVO. Moreover, in this table are included 

values for the relative sensitivity obtained with other lanthanide or transition elements. As can 

be seen, the values obtained for LIR1  shows the highest values for the relative sensitivity. The 

temperature resolution (δT) associated with both band intensity ratios were estimated and 

utilized to further investigate the efficiency of the suggested high -temperature sensor. This 

resolution temperature can be obtained from:42  

𝜹𝑻 =
𝟏

𝑺𝑹

𝝏𝑳𝑰𝑹

𝑳𝑰𝑹
                     (Eq 5)                                       (Eq 4) 



where δLIR is the thermometric parameter's resolution limit or relative uncertainty, that is, the 

smallest change in ratio that can be observed experimentally. The resolution limit is connected 

to thermometer performance, but it is also affected by the experimental setup 3,34. As a result, 

utilizing improved acquisition methods as well as improving measurement performance, such 

as extending integration time and using the average of successive measurements to reduce 

experimental noise, might be one option to enhance the resolution limit. To determine the 

limit of detection, 100 measurements were performed at room temperature under similar 

conditions for Tm3+/Yb3+ co-doped NGVO and the results are presented in the histograms 

shown in Fig. 8a-b. LIR uncertainty (δLIR) was obtained as the statistical distribution's 

standard deviation for each method with values of 0.66 and 0.87 for the LIR1 and LIR2, 

respectively. Using the Eq. 5, the values are lower than 0.5 K indicating that both LIR 

techniques have a high precision in all this temperature range.  

It is worth noting that in the vast majority of reports, only the maximum Sr and minimum T 

values are compared to other literature data (Table 1). However, because of the various 

temperature measurement ranges and the character dependent on Sr and T temperatures, such 

comparisons are not entirely useful. As a result, while evaluating the performance of different 

optical thermometers, the best, most often used operating temperature value should be chosen. 

In our case, the band ratios LIR1 (spectral range suitable for electronics and other industrial 

applications) have an excellent Sr= 4.2 % K-1, while the LIR2 band ratio (located in biological 

spectral range) has an excellent Sr=2.0 % K-1, with good thermal resolutions of 0.4 K at 300 

K. The results indicate Tm3+/Yb3+: Na3GdV2O8 is an ideal candidate for optical thermometer. 

Table 1. Maximum Relative Temperature Sensitivities Sr at 300 K and at the highest 

measured temperature (Tmax) for different luminescent materials. 

Materials T-range (K) Sr  (% K−1 ) 

at 300K 

Sr (% K−1 ) 

at Tmax 

δT              

(K) 

Ref 

YVO4: Eu3+ 123-573K 1.38 - 0.5 43 

La2Mo3O12: Pr3+ 298-598 0.9 1.94 - 44 

K7ZnSc2B15O30: Mn2+ 300-525 0.01 1.84 0.8 45 

Bi2Al4O9: Cr3+ 100-600 1.24 0.4 0.23 46 

Gd2ZnTiO6: Er3+/Yb3+ 313-473 3.98 0.60 - 47 

Ba3Y4O9:Er3+/Yb3+ 298-573 1.31 0.36 - 48 

NaLaMgWO6:Er3+ / Mo6+ 323-473 1.32 0.53 - 49 

BaLa4Si3O13: Dy3+/Eu3+ 298-523 0.1 1.36 - 50 



LuNbO4: Pr3+/Tb3+ 283-493 0.1 1.26 - 51 

LaNbO4:Bi3+/Tb3+ 303–483 0.2 1.2 - 52 

La2MgGeO6:Bi3+/Mn4+ 293–473 0.28 2.5  53 

Sr2NaMg2V3O12:Eu3+ 100-500 0.5 1.5 0.5 54 

Ba3Y4O9:Ho3+/Tm3+/Yb3+ 298-573 0.25 1.2  55 

NaBiF4: Tm3+/ Yb3+ 303-443 0.7 1.1 - 56 

Y2Ti2O7: Tm3+/Yb3+ 300–400 0.4 0.87 - 57 

GdVO4:Tm3+//Yb3+ 297−673 0.4 1.54 0.5 58 

NaY2F7:Tm3+/Yb3+ 300-567 0.5 1.2 - 59 

Ba3Y4O9:Tm3+/Yb3+ 298-573 0.9 0.55 - 60 

Na3GdV2O8: Tm3+/Yb3+ 300-565 0.93 4.2 0.40 

 

This work (LIR1) 

Na3GdV2O8: Tm3+/Yb3+ 300-565 1.34 2.0 0.40 This work (LIR2) 

 

4. Conclusion 

In this study, a novel optical thermometry strategy based on upconversion emission of 

Tm3+/Yb3+ codoped NGVO phosphors were developed. NGVO: Tm3+/Yb3+ nanostructure 

phosphors are prepared by sol gel method.  As the RE ions are incorporated into the host 

lattice, the XRD study shows that the as-prepared sample is single phase. The upconversion 

emission spectra are composed of two visible emission bands arising from the Tm3+ 

transitions 1G4→ 3H6 (475 nm), 1G4→ 3F4 (651 nm), a strong emission at 800 nm attributed to 

the 3H4→ 3H6 transition in the first biological window and an emission in the third biological 

window at 1625 nm, attributed to the transition 3F4 → 3H6. This stronger NIR emission at low 

excitation density has potential uses in deep tissue imaging, optical signal amplification and 

other fields. This is the first use of emission ranging from visible to NIR III from a single 

combination of dopant / sensitizer ions (Tm3+ / Yb3+) in the detection of temperature. The 

LIR1 (800/475) presents an important Sr value of 4.2% K-1. The LIR2 (1625/475) has as well 

an excellent Sr = 2.0% K-1, with good thermal resolutions of 0.4 K at 300 K. Furthermore, by 

employing the band intensity ratios of Tm3+ (800/475) and (1625/475), it is feasible to 

maintain the great sensitivity of temperature sensing since Sr rises with temperature, being 

approximately 4.2% K-1 and 2.0% K-1 above 565 K for these non-TCLs. The results indicate 

Tm3+/Yb3+: NGVO is an ideal candidate for optical thermometer. 

Acknowledgements 



This work was financially supported by by Ministerio de Ciencia e Innovacion of Spain 

(MICIIN) under the National Program of Sciences and Technological Materials (PID2019-

106383GB-C44 and PID2019-107335RA-I00) and Gobierno de Canarias (ProID2020010067) 

and EU-FEDER funds. 

 

 

REFERENCES 

1 X. Wang, O. S. Wolfbeis and R. J. Meier, Chem. Soc. Rev., 2013, 42, 7834. 

2 G. Gao, D. Busko, S. Kauffmann-Weiss, A. Turshatov, I. A. Howard and B. S. Richards, J. 

Mater. Chem. C, 2018, 6, 4163–4170. 

3 C. D. S. Brites, A. Millán and L. D. Carlos, in Handbook on the Physics and Chemistry of 

Rare Earths, Elsevier, 2016, vol. 49, pp. 339–427. 

4 C. D. S. Brites, P. P. Lima, N. J. O. Silva, A. Millán, V. S. Amaral, F. Palacio and L. D. 

Carlos, Nanoscale, 2012, 4, 4799. 

5 M. Rodrigues, R. Piñol, G. Antorrena, C. D. S. Brites, N. J. O. Silva, J. L. Murillo, R. 

Cases, I. Díez, F. Palacio, N. Torras, J. A. Plaza, L. Pérez-García, L. D. Carlos and A. 

Millán, Adv. Funct. Mater., 2016, 26, 200–209. 

6 Z. Wang, D. Ananias, A. Carné-Sánchez, C. D. S. Brites, I. Imaz, D. Maspoch, J. Rocha 

and L. D. Carlos, Adv. Funct. Mater., 2015, 25, 2824–2830. 

7 M. Runowski, S. Goderski, D. Przybylska, T. Grzyb, S. Lis and I. R. Martín, ACS Appl. 

Nano Mater., 2020, 3, 6406–6415. 

8 K. Okabe, N. Inada, C. Gota, Y. Harada, T. Funatsu and S. Uchiyama, Nat. Commun., 

2012, 3, 705. 

9 K. Saidi and M. Dammak, J. Solid State Chem., 2021, 300, 122214. 

10 M. Runowski, A. Shyichuk, A. Tymiński, T. Grzyb, V. Lavín and S. Lis, ACS Appl. Mater. 

Interfaces, 2018, 10, 17269–17279. 

11 F. J. Aparicio, M. Alcaire, A. R. González-Elipe, A. Barranco, M. Holgado, R. Casquel, F. 

J. Sanza, A. Griol, D. Bernier, F. Dortu, S. Cáceres, M. Antelius, M. Lapisa, H. Sohlström 

and F. Niklaus, Sens. Actuators B Chem., 2016, 228, 649–657. 

12 P. Kumbhakar, A. Roy Karmakar, G. P. Das, J. Chakraborty, C. S. Tiwary and P. 

Kumbhakar, Nanoscale, 2021, 13, 2946–2954. 

13 N. M. Bhiri, M. Dammak, M. Aguiló, F. Díaz, J. J. Carvajal and M. C. Pujol, J. Alloys 

Compd., 2020, 814, 152197. 



14 T. Grzyb, M. Runowski, A. Szczeszak and S. Lis, J. Phys. Chem. C, 2012, 116, 17188–

17196. 

15 Y. Jiang, Y. Tong, S. Chen, W. Zhang, F. Hu, R. Wei and H. Guo, Chem. Eng. J., 2020, 

127470. 

16 Y. Gao, F. Huang, H. Lin, J. Zhou, J. Xu and Y. Wang, Adv. Funct. Mater., 2016, 26, 

3139–3145. 

17 A. Nexha, J. J. Carvajal, M. C. Pujol, F. Díaz and M. Aguiló, Nanoscale, 2021, 13, 7913–

7987. 

18 J. Zhou, R. Lei, H. Wang, C. Chen, B. Chen, E. Pan, S. Zhao and S. Xu, ACS Appl. Nano 

Mater., 2020, 3, 186–194. 

19 A. S. Gouveia-Neto, J. F. Silva, M. V. D. Vermelho, A. S. L. Gomes and C. Jacinto, Appl. 

Phys. Lett., 2016, 109, 261108. 

20 T. Grzyb, P. Kamiński, D. Przybylska, A. Tymiński, F. Sanz-Rodríguez and P. Haro 

Gonzalez, Nanoscale, 2021, 13, 7322–7333. 

21 F. Pandozzi, F. Vetrone, J.-C. Boyer, R. Naccache, J. A. Capobianco, A. Speghini and M. 

Bettinelli, J. Phys. Chem. B, 2005, 109, 17400–17405. 

22 A. Patra, S. Saha, M. A. R. C. Alencar, N. Rakov and G. S. Maciel, Chem. Phys. Lett., 

2005, 407, 477–481. 

23 K. S. Shim, H. K. Yang, B. K. Moon, B. C. Choi, J. H. Jeong, J. H. Kim, J. S. Bae and K. 

H. Kim, Curr. Appl. Phys., 2009, 9, S226–S229. 

24 M. A. Hernández-Rodríguez, A. D. Lozano-Gorrín, I. R. Martín, U. R. Rodríguez-

Mendoza and V. Lavín, Sens. Actuators B Chem., 2018, 255, 970–976. 

25 F. Paz-Buclatin, F. Rivera-López, O. González, I. R. Martín, L. L. Martin and D. J. 

Jovanović, Sens. Actuators Phys., 2019, 299, 111628. 

26 K. Saidi, M. Dammak, K. Soler-Carracedo and I. R. Martín, J. Alloys Compd., 2022, 891, 

161993. 

27 P. Du, Y. Hou, W. Li and L. Luo, Dalton Trans., 2020, 49, 10224–10231. 

28 F. Ayachi, K. Saidi, W. Chaabani and M. Dammak, J. Lumin., 2021, 240, 118451. 

29 Q. Xiao, X. Dong, X. Yin, H. Wang, H. Zhong, M. Xing, Y. Tian, Y. Fu, B. Dong and X. 

Luo, J. Am. Ceram. Soc., 2021, 104, 1415–1423. 

30 J. J. Velázquez, R. Balda, J. Fernández, G. Gorni, M. Sedano, A. Durán, D. Galusek and 

M. J. Pascual, Int. J. Appl. Glass Sci., 2021, 12, 485–496. 

31 A. F. El-Sherif and T. A. King, Opt. Commun., 2003, 218, 337–344. 

32 G. H. Dieke, SPECTRA AND ENERGY LEVELS OF RARE EARTH IONS IN CRYSTALS., 

1968, 1968. 



33 M. Runowski, A. Shyichuk, A. Tymiński, T. Grzyb, V. Lavín and S. Lis, ACS Appl. Mater. 

Interfaces, 2018, 10, 17269–17279. 

34 K. Soler-Carracedo, I. R. Martín, F. Lahoz, H. C. Vasconcelos, A. D. Lozano-Gorrín, L. L. 

Martín and F. Paz-Buclatin, J. Alloys Compd., 2020, 847, 156541. 

35 W. Zheng, H. Zhu, R. Li, D. Tu, Y. Liu, W. Luo and X. Chen, Phys. Chem. Chem. Phys., 

2012, 14, 6974. 

36 R. S. Yadav, S. J. Dhoble and S. B. Rai, Sens. Actuators B Chem., 2018, 273, 1425–1434. 

37 V. Mahalingam, F. Vetrone, R. Naccache, A. Speghini and J. A. Capobianco, Adv. Mater., 

2009, 21, 4025–4028. 

38 C. S. Dwaraka Viswanath, P. Babu, I. R. Martín, V. Venkatramu, V. Lavín and C. K. 

Jayasankar, J. Non-Cryst. Solids, 2019, 507, 1–10. 

39 M. Jia, Z. Sun, H. Xu, X. Jin, Z. Lv, T. Sheng and Z. Fu, J. Mater. Chem. C, 2020, 8, 

15603–15608. 

40 J. Zhou, S. Wen, J. Liao, C. Clarke, S. A. Tawfik, W. Ren, C. Mi, F. Wang and D. Jin, Nat. 

Photonics, 2018, 12, 154–158. 

41 P. C. Becker, T. Hayhurst, G. Shalimoff, J. G. Conway, N. Edelstein, L. A. Boatner and M. 

M. Abraham, J. Chem. Phys., 1984, 81, 2872–2878. 

42 K. Saidi, W. Chaabani and M. Dammak, RSC Adv., 2021, 11, 30926–30936. 

43 I. E. Kolesnikov, D. V. Mamonova, M. A. Kurochkin, E. Y. Kolesnikov and E. Lähderanta, 

ACS Appl. Nano Mater., 2021, 4, 1959–1966. 

44 Q. Wang, M. Liao, Q. Lin, M. Xiong, X. Zhang, H. Dong, Z. Lin, M. Wen, D. Zhu, Z. Mu 

and F. Wu, Dalton Trans., 2021, 50, 9298–9309. 

45 Y. Fu, C. Li, F. Zhang, S. Huang, Z. Wu, Y. Wang and Z. Zhang, Chem. Eng. J., 2021, 

409, 128190. 

46 M. Back, J. Ueda, J. Xu, K. Asami, M. G. Brik and S. Tanabe, Adv. Opt. Mater., 2020, 8, 

2000124. 

47 Y. Wu, S. Xu, Z. Xiao, F. Lai, J. Huang, J. Fu, X. Ye and W. You, Mater. Chem. Front., 

2020, 4, 1182–1191. 

48 S. Liu, H. Ming, J. Cui, S. Liu, W. You, X. Ye, Y. Yang, H. Nie and R. Wang, J. Phys. 

Chem. C, 2018, 122, 16289–16303. 

49 Y. Wu, F. Lai, B. Liu, J. Huang, X. Ye and W. You, Phys. Chem. Chem. Phys., 2019, 21, 

16316–16322. 

50 F. Liao, B. Shen, W. Wu, Y. Zhang and J. Hu, Ind. Eng. Chem. Res., 2021, 60, 2931–2943. 

51 Y. Wu, H. Suo, X. Zhao, Z. Zhou and C. Guo, Inorg. Chem. Front., 2018, 5, 2456–2461. 



52 J. Xue, M. Song, H. M. Noh, S. H. Park, B. C. Choi, J. H. Kim, J. H. Jeong and P. Du, J. 

Alloys Compd., 2020, 843, 155858. 

53 Y. Chen, L. Zhou, Y. Shen, L. Lei, R. Ye, L. Chen, D. Deng and S. Xu, J. Alloys Compd., 

2021, 887, 161283. 

54 A. Bindhu, J. I. Naseemabeevi and S. Ganesanpotti, Adv. Photonics Res., 2021, 2100159. 

55 S. Liu, J. Cui, J. Jia, J. Fu, W. You, Q. Zeng, Y. Yang and X. Ye, Ceram. Int., 2019, 45, 1–

10. 

56 X. Tian, H. Dou and L. Wu, Opt. Mater., 2020, 99, 109544. 

57 X. Tu, J. Xu, M. Li, T. Xie, R. Lei, H. Wang and S. Xu, Mater. Res. Bull., 2019, 112, 77–

83. 

58 Ol. A. Savchuk, J. J. Carvajal, C. Cascales, J. Massons, M. Aguiló and F. . Díaz, J. Mater. 

Chem. C, 2016, 4, 6602–6613. 

59 S. Chen, W. Song, J. Cao, F. Hu and H. Guo, J. Alloys Compd., 2020, 825, 154011. 

60 S. Liu, J. Cui, L. Liu, W. You, M. C. Parmar, Q. Zeng, R. Wang and X. Ye, J. Lumin., 

2019, 213, 174–183. 

 


