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Abstract 31 

 32 

La2-x-yEuxEryTi2O7 oxides have an emission color which depends on the excitation 33 

wavelength. Under the UV excitation (310 to 393 nm), they emit in the red spectral region 34 

and, under NIR excitation (785 to 980 nm), they exhibit a green emission induced by 35 

upconversion luminescence from Er3+ ions. The structural and luminescence properties of 36 

these oxides synthesized by the solid state reaction method were studied according to the x 37 

and y values. The co-substituted oxides are obtained over a composition zone between x ≤ 0.2 38 

and y ≤ 0.05. Beyond these values, a phase mixture consisting of a monoclinic phase (layered-39 

perovskite) and cubic phase (pyrochlore) is observed. Under the UV excitation, the reddish 40 

emission color is mainly induced by the Eu3+ ions via an exchange interaction mechanism. 41 

The quenching concentration of Eu3+ ions is dependent on the excitation wavelength: x = 0.3 42 

and 0.6, at 310 and 377 nm, respectively. With the measurements of photoluminescence decay 43 

curves, the lifetime kinetics was linked to the Eu3+ ions concentration. The CIE 1931 color 44 

coordinates were also determined according to the x and y values. This one shows linear 45 

evolutions when x is fixed and y is variable and vice versa. The good chemical and thermal 46 

stability of these oxides also make it possible to disperse them effectively in a glass of lithium 47 

tetraborate. Only a 2% transmittance drop is observed for the insertion of 2% wt. of the oxide. 48 

The upconversion luminescence properties were also measured under NIR excitation and 49 

shown an emission in the green spectral region mainly due to Er3+ ions. The study of emission 50 

intensity dependence on the laser power led to the conclusion of a two-photon excitation 51 

process. Temperature-dependent upconversion emission follows a Mott-Seitz model. The 52 

activation energy for 4F9/2 → 4I15/2 quenching was found to be 52.8 meV. 53 

 54 

1. Introduction 55 

 56 
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During the last decades, inorganic or hybrid materials with luminescence properties 57 

have been widely studied and are currently used in many devices of our daily life [1],[2]. 58 

Among these compounds, inorganic materials based on rare earth ions contained in a host-59 

matrixes such as oxides, silicates, aluminates, aluminosilicates, aluminoborates, molybdates, 60 

tungstates, etc., are those the most studied by the scientific community [3]. Downconversion 61 

(emission in the visible range under a UV light excitation) and upconversion (emission in the 62 

visible range under a NIR excitation / absorption of two or more photons) luminescence 63 

properties can find many application fields such as fluorescent lamps [4], radiation sensors 64 

[5], optical temperature sensors [6], phosphors for LED industry [7], anti-counterfeiting ink 65 

[8], incoherent laser light source, display technologies [9], biological labeling [10] and many 66 

others [11]. Moreover, the upconverting materials are widely used in biological applications 67 

[12] because their excitation wavelength locates within the NIR optical window of biological 68 

tissues and it can thus reach the maximum penetration [13]. As such, the upconversion 69 

materials are used in the photodynamic therapy [14] or the photoactivated drug delivery 70 

systems [15]. 71 

Intrinsically, materials that can emit different colors under different types of excitation 72 

(UV or NIR) can be particularly attractive for designing multifunctional sensors, anti-73 

counterfeiting inks, multi-color fluorescence imaging or for the biomedical field. Recently, it 74 

has been shown that La2Ti2O7 oxides can serve as a host matrix for the design of new 75 

phosphors with interesting optical properties. Indeed, La2Ti2O7:Eu3+ oxides show an intense 76 

red emission under UV excitation with a quantum yield of 42% [16]. In addition, we have 77 

shown that La1.9Er0.1Ti2O7 oxide exhibits upconversion luminescence if excited over a wide 78 

NIR excitation wavelength range from 785 to 980 nm [17]. In this work, we investigated the 79 

possibility to synthesize multifunctional oxides, from a La2Ti2O7 host-matrix co-substituted 80 

by Eu3+/Er3+, which can respond differently according to the excitation wavelength (UV or 81 
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NIR). In the literature and to the best of our knowledge, studies on co-substituted or co-doped 82 

La2Ti2O7 are scarce. The Yb3+/Er3+ system was studied to improve the upconversion 83 

properties [18] and the Pr3+/Tb3+ system was considered in order to get a control of the 84 

emission color [19]. 85 

La2Ti2O7 is a multifunctional oxide already known for these features: i) piezoelectric 86 

and ferroelectric properties with high Curie temperature (Tc ∼ 1500 °C) [20], [21]; ii) 87 

photocatalytic properties, especially used as photocatalyst for H2 production by water splitting 88 

[22],[23] or for Volatile Organic Compounds (VOCs) degradation [24], [25]; iii) 89 

luminescence properties when doped or co-doped with other lanthanide ions, such as Pr3+, 90 

Sm3+, Eu3+, Er3+, Tb3+ [16], [26], [27], [28], [29], [19], [18]; iv) its good resistance to ionizing 91 

radiation and its use as an immobilization matrix of radionuclides for the nuclear industry 92 

[30]. In the literature, there are several studies that describe techniques for producing 93 

La2Ti2O7 oxides. Among them, we can mention the solid state reaction, the sol-gel route [31], 94 

[32], [33], hydrothermal method [22], floating zone method for single crystals [21] and many 95 

others [34], [35], [36]. La2Ti2O7 crystallizes in monoclinic/layered perovskite structure with 96 

P21 space group (#4). The unit cell consists of four corner-sharing TiO6 octahedra separated 97 

by two layers of La-site cations along -axis and infinite chains of corner-sharing TiO6 98 

octahedra along - and -axis. The stability of the monoclinic/layered perovskite structure 99 

can be affected during the substitution of La-site by another lanthanide. Indeed, the 100 

monoclinic structure is conserved for ionic ratio r(Ln3+)/r(Ti4+) higher than 1.78 (i.e., Ln3+ = 101 

La3+ to Nd3+). While for r(Ln3+)/r(Ti4+)=1.46 to 1.78 (i.e. Ln3+=Sm3+ to Lu3+), a 102 

cubic/pyrochlore structure with Fd m space group (#227) is favored [37],[38]. 103 

In this work, we have synthesized a series of co-substituted La2-x-yEuxEryTi2O7 oxides 104 

in order to determine the stability limit of the monoclinic/layered perovskite structure and 105 
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study the luminescence properties of these oxides under UV and NIR excitation. For that, the 106 

classical luminescence and upconversion measurements (excitation and emission spectra, 107 

photoluminescence lifetime, quantum efficiency, thermal quenching mechanisms, and 108 

CIE 1931 chromaticity coordinates) were performed. 109 

 110 

2. Experimental Section  111 

 112 

La2-x-yEuxEryTi2O7 oxides were synthesized by a conventional solid state reaction 113 

method. The lanthanide oxides (La2O3, Eu2O3 and Er2O3 – 99.99% Strem Chemicals) and 114 

titanium dioxide (TiO2 – 99.99% Sigma Aldrich) were used as starting materials. Before the 115 

synthesis, the lanthanide oxides were annealed at 800 °C for 5 h in order to avoid the 116 

lanthanum hydroxide formation which could disturb the good stoichiometry of the final 117 

product. The precursors weighed in stoichiometric proportions were mixed for 20 min with a 118 

few drops of ethanol and then calcined at 1100 °C for 12 h under air. The calcination and 119 

milling steps were repeated twice to improve the sample homogeneity. 120 

The X-Ray Diffraction (XRD) measurements were performed using a Rigaku 121 

ULTIMA IV diffractometer equipped with Cu anticathode (λ(Kα) = 1.5418 Å), Soller slits to 122 

limit the divergence of X-ray beam, and a nickel foil filter to attenuate the Cu Kβ line. XRD 123 

patterns were recorded in the range of 10°-90° (scan speed was 0.1 °/min) using the Bragg-124 

Brentano configuration. The Scanning Electron Microscopy (SEM) images were recorded 125 

using Hitachi S4700 microscope equipped with a Field Emission Gun (FEG). The optical 126 

properties of La2Ti2O7:Eu3+, Er3+ oxides were characterized using a UV-2600 127 

spectrophotometer (Shimadzu). Room-temperature excitation and emission spectra were 128 

recorded on an Edinburgh Instruments FLS980 spectrometer equipped with a double grating 129 
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Czerny-Turner excitation and emission monochromators. For upconversion experiments, two 130 

CW (Continuous Wave) lasers emitting at 808 and 980 nm were employed as the excitation 131 

sources. The Thermal Quenching (TQ) measurements were performed using a cryostat 132 

“MicrostatN” from the Oxford Instruments coupled to the Edinburgh Instruments FLS980 133 

spectrometer. Liquid nitrogen was used as a cooling agent and the measurements were 134 

performed at 77 K and at 100–500 K with 50 K steps. The temperature stabilization time was 135 

90 s and the temperature tolerance was set to ±5 K. During the measurements, dried nitrogen 136 

was flushed over the cryostat window to avoid the water condensation on the window surface 137 

at low temperatures. Finally, the CIE 1931 chromaticity coordinates (Commission 138 

Internationale de l’Éclairage – CIE) were calculated from the emission spectra. The color 139 

coordinates were calculated in the range of 360-830 nm.  140 

 141 

3. Results and Discussions 142 

3.1 Structural and Optical Characterizations  143 

The XRD patterns of La2-x-yEuxEryTi2O7 powders are presented in Figure 1. According 144 

to the substitution percentage, the La2Ti2O7 monoclinic structure (ICSD-1950) [39] is 145 

maintained when the Eu3+ and Er3+ contents in the structure are lower than 0.20 and 0.10, 146 

respectively. Beyond these substitution values, a phase mixture of a substituted monoclinic 147 

phase and cubic/pyrochlore phases such as Eu2Ti2O7 (ICSD-83596) [40] and Er2Ti2O7 (ICSD-148 

249070) [41], which are indicated by a star in Figure 1, is obtained. We can note that the 149 

presence of a low concentration of Er3+ (ca. y=0.05) greatly limits the maximum substitution 150 

rate of Eu3+. This one is limited to x = 0.20, whereas, in a previous study [16], it was shown 151 

that it could reach 0.60 without Er3+ ions. Knowing that, the stability limit of these structures 152 

is linked by the value of the Ti4+/Ln3+ ionic ratio as indicated in the introductory part. The 153 

observed structural feature can, therefore, be explained by the ionic radii values of the 154 
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lanthanides (La3+
VIII (1.160 Å), Eu3+

VIII (1.066 Å) and Er3+
VIII (1.004 Å)) [30]. Indeed, the 155 

ionic radius of the Er3+ ion is lower than that of the Eu3+ ion which itself is lower than that of 156 

the La3+ ion. Therefore, the average ionic radius weighted by the substitution percentages (as 157 

Vegard's law [42]) quickly reaches the stability limit of the monoclinic phase. Thus, in the 158 

interval [x ≤ 0.20; y ≤ 0.10], a single phase isostructural with La2Ti2O7 oxide is observed. The 159 

substitution is evidenced by the slight displacement of the (hkl) diffraction peaks towards the 160 

wide angle, reflecting a decrease of the unit cell volume. According to x and y values, this 161 

displacement is clearly observed for (hkl) reflections with h and k ≠ 0 (enlargement shown in 162 

Figures 1c and 1d), while the position of the (00l) reflection is not affected. This behavior, 163 

already observed for mono-substitution, can be explained by the layered-perovskite structure. 164 

Indeed, it is formed by an infinite sequence of TiO6 octahedra along - and -axes and sheets 165 

consisting of four TiO6 octahedra separated by an Ln-interleaves along the -axis. Thus, the 166 

decrease of the ionic radius of the lanthanide ion has a great influence on the infinite chains of 167 

octahedra, explaining the evolution of the a and b cell parameters. Consequently, the Ln-168 

interleaves placed between sheets are placed in a less dense layer which can be modified to 169 

counterbalance the cationic modification and permits to explain the relative stability of the c 170 

cell parameter. In addition, Zhang et al. [43] have shown that the La2Ti2O7 had a high 171 

compressibility along the -axis. This direction is, therefore, less sensitive to the modification 172 

of the ionic radius and also makes it possible to explain the stability of the c cell parameter. 173 

The morphology of La2-x-yEuxEryTi2O7 observed by SEM images are presented in 174 

Figure 2. For the low substitution rates (Figure 2a and 2b), aggregates consisting of uniform 175 

particles of submicron size are observed with homogenous grain-size distribution. When the 176 

substitution rates increase, the grain-size distribution becomes more random (Figure 2c and 177 

2d) probably reflecting the multiphasic character observed in the XRD experiments. For 178 

substantial substitutions of La by Eu and Er elements (in order to avoid the detection limit), 179 
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the Energy Dispersive X-Ray (EDX) analyzes confirm also a uniform distribution of La, Ti, 180 

Eu and Er elements in the matrix (corresponding to the values expected by the stoichiometric 181 

calculations). 182 

The optical properties of La2-x-yEuxEryTi2O7 phosphors were characterized by UV-183 

visible diffuse reflectance spectra. The absorption spectra were recorded for all samples. In 184 

Figure 3, the typical room temperature absorption spectra for La1.85Eu0.10Er0.05Ti2O7, Eu2Ti2O7 185 

and Er2Ti2O7 oxides are shown. Except Eu2Ti2O7 sample, each transition assignment in the 186 

spectra corresponds to the excited level of Er3+ ions starting from the ground state 4I15/2. So, 187 

the transitions bands centered at 378, 454, 466, 522, 538, 653 and 798 nm correspond to 188 

4G11/2, 4F3/2; 5/2, 4F7/2, 2H11/2, 4S3/2, 4F9/2 and 4I9/2 of Er3+ energy levels, respectively [44]. For 189 

Eu2Ti2O7 oxide, the intensities of absorption lines, attributable to the excited states of Eu3+ 190 

ions, are very low. In order to identify them, it is necessary to zoom at the base of peak 191 

starting at 350 nm (inset of Figure 3a). The broad and intensive absorption band in the range 192 

of 200–340 nm occurs due to Eu3+-O2- Charge Transfer (CT) transition. The sets of lines 193 

centered at 394, 465, 427 and 589 nm correspond to transitions originating from the 7F0,1 194 

ground state of Eu3+ ions to 5L6, 5D2, 5D1 and 5D0 excited states, respectively [45]. La2Ti2O7 195 

oxide is a semi-conductor material, thus, the optical band-gap (Eg) can be determined by the 196 

Tauc plot based on the following equation [42]: 197 

                                                         αhν = A(hν – Eg)
n                                                            (1) 198 

Here α is the absorption coefficient, hν corresponds to the photon energy, A is a 199 

proportionality constant and Eg represents the optical band-gap. Finally, the exponent n 200 

denotes the nature of the transition. Here, La2Ti2O7 compound is known to have a direct 201 

allowed transition; thus, the equations were solved with n = ½ [46]. As illustrated in Figure 202 

3b, the (αhν)2 vs. hν plots, allow to determine the effective optical band-gaps by extrapolating 203 

the linear region of the curves to the hν axis intercept. We observed that the Eg values are very 204 
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close and decrease slowly with the decrease of the Ln3+ ionic radius. The Eg values are 3.85, 205 

3.78 and 3.77 eV for La1.85Eu0.10Er0.05Ti2O7, Eu2Ti2O7 and Er2Ti2O7, respectively.  206 

3.2 Luminescence properties 207 

The room-temperature (RT) excitation and emission spectra recorded in the range from 250 to 208 

800 nm for a La1.6Eu0.10Er0.30Ti2O7 compound are shown in Figure 4. The spectra presented 209 

are typical of those recorded on the complete range of La2-x-yEuxEryTi2O7 oxides whose 210 

evolution in normalized intensity is showed in supplementary materials (Figure S1). First, in 211 

the excitation spectrum, two overlapped broad bands are observed around 280 and 310 nm, 212 

which can be attributed to the host-related absorption due to the Inter Valence Charge 213 

Transfer (IVCT) and the charge transfer (CT) of Eu3+/Er3+-O2-, respectively [19] (in 214 

correlation with the previous optical band-gap measurements). Depending on the emission 215 

wavelength, two different behaviors with many transition bands are observed. These 216 

transitions, corresponding to the intra-configurational f-f transitions of Eu3+ and Er3+ ions, can 217 

be indexed using the Dieke diagram [47]. For λem = 612.5 nm, the transitions observed are 218 

mostly due to the excited levels of Eu3+ ions (i.e., 7F0 → 5D4 (361 nm), 7F0 → 5L7,8; 5GJ (375 219 

nm), 7F0 → 5L6 (396 nm), 7F1 → 5D3 (412 nm) and 7F0 → 5D2 (465 nm)), while for 220 

λem = 547.5 nm the transitions originating from Er3+ ions are also rather highlighted (i.e., by 221 

4I15/2 → 4G7/2 (355 nm), 4I15/2 → 2K15/2; 4G9/2 (364 nm), 4I15/2 → 4G11/2 (377 nm), 4I15/2 → 2H9/2 222 

(406 nm)). In the same way, the emission spectra differ according to the excitation 223 

wavelength. Under λexc = 310 nm, many transitions with the most intense line centered at 224 

612.5 nm (orange-red spectral range) are observed. These lines can be assigned to Eu3+ 225 

transitions between the lowest excited 5D0 levels and 7FJ (J = 0 – 5) ground state [48], [49], 226 

[50]. The splitting of spectral lines is undoubtedly due to a modification of the electronic 227 

states by a Stark effect [51]. Under λexc = 377 nm, two green emission bands centered at 525 228 
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and 548 nm are observed. These bands correspond to the 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 229 

transitions of Er3+ ions, respectively [52]. In addition, at λexc = 377 nm, the ratio between 230 

emissions in the green and red ranges varies greatly depending on the x and y values within 231 

the La2-x-yEuxEryTi2O7 oxides. Thus, a shift of the emission towards the green spectral domain 232 

is observed only for Er3+ concentrations greater than y = 0.10 and for very low concentrations 233 

of Eu3+ (x ≤ 0.10), as highlighted on the Figure S1 (Supplementary Material). Beyond this x 234 

value, the emission is mainly in the orange-red spectral range. The emission is, therefore, 235 

mainly dominated by the effect of Eu3+ ions within La2Ti2O7 host matrix. Further, under 236 

λexc = 310 nm, only orange-red emission is observed regardless the x and y values. 237 

In Figure 5a, a photograph displaying the emission color of La2-x-yEuxEryTi2O7 oxides under 238 

the excitation of commercial UV excitation lamp (365 nm) is presented. One can note a 239 

difference in intensity that is visible to the naked eye according to the values of x and y. In 240 

order to quantify this evolution in the luminescence intensity, we plotted the intensity 241 

variations of several emission bands under several excitation wavelengths as a function of the 242 

x and y values. The intensity evolution of the 4S3/2 → 4I15/2 transition at three excitation 243 

wavelengths (i.e., 310, 377 and 393 nm) is presented in Figure 5b. The first result indicates 244 

that this transition is active only for an excitation wavelength of 377 nm and that its intensity 245 

increases progressively with the Er3+ ions concentration. The excitation at other mentioned 246 

wavelengths resulted in weak to no emission of Er3+ ions. This also indicates that the emission 247 

due to Eu3+ ions dominates mainly under the UV excitation. The intensity evolution of 5D0 → 248 

7F2 (the most intense) and 5D0 → 7F4 transitions under the 310 and 377 nm excitation is 249 

presented in Figure 5c in order to highlight the x influence and in Figure 5d to highlight the y 250 

influence. In the case of La1.95-xEuxEr0.05Ti2O7 oxides, the intensity of the transitions observed 251 

goes through a maximum which is different according to the excitation. These are x = 0.30 252 

and x = 0.60 for 310 and 377 nm, respectively. This difference in the quenching concentration 253 
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can be explained by an energy transfer between the Er3+ and Eu3+ ions. Under the excitation at 254 

310 nm, only the Eu3+ ions act as activators while under an excitation at 377 nm, the Eu3+ and 255 

Er3+ ions are both activators. Therefore, under an excitation at 377 nm, the concentration 256 

quenching appears later than it in the case of a mono-substituted oxide. In a previous study 257 

[16], we showed that for mono-substitution with Eu3+, the quenching concentration is reached 258 

for x = 0.8, that is close to the value determined here. In the case of the oxide La1.90-259 

yEu0.10EryTi2O7, the intensity values of the 5D0 → 7F2 and 5D0 → 7F4 transitions decrease 260 

when the y value increases. Note that for λexc = 377 nm, the relative intensity is significantly 261 

lower than that observed for the 310 nm excitation. This also confirms that there is an energy 262 

transfer between the Er3+ and Eu3+ ions at this wavelength. 263 

In addition, we can estimate the critical distance (Rc) by the following formula given by 264 

Blasse [53]: 265 

3/1

4
3

2 







=

Nx

V
R

C

C π
     (2) 266 

Here V is the unit cell volume, xc represents the concentration of activator ions where the 267 

quenching occurs and N is the number of ions whose sites are partially occupied by the 268 

activator in the unit cell (in our case N = 8). At λexc = 310 nm and λexc = 377 nm, xc is equal to 269 

0.175 and 0.325, respectively (sum of Eu3+ and Er3+ concentration in the oxide). So, the 270 

critical transfer distances are about 3.81 and 4.80 , respectively. Knowing that the exchange 271 

interaction takes place when the critical distance value is about 3 – 4 Å [54], we can conclude 272 

that this mechanism is more accentuated under the excitation at 310 nm. 273 

The room temperature photoluminescence decay curves of La1.95-xEuxEr0.05Ti2O7 274 

phosphors are shown in Figure 6a. The samples were excited at 393 nm and the emission was 275 
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monitored at 612.5 nm (5D0 → 7F2 transition). These decay curves can be fitted successfully 276 

based on the following multifold exponential equation [55]: 277 

∑=
−

N
i

t

i
ieAItI

τ
0)(      (3) 278 

where, I and I0 correspond to the luminescence intensity at a given time t and initial 279 

intensity, respectively. Ai are pre-exponential constants which are related with the initial 280 

intensity, τi are the lifetimes for the each exponential components. The average fluorescence 281 

lifetime τave can be calculated by the following equation [56]: 282 

∑

∑=
N
i ii

N
i ii

ave
A

A

τ
ττ

2

     (4) 283 

In our case, the PL decay curves can be fitted with a double exponential function. We can 284 

observe a progressive decrease in average life time values with the Eu3+ concentration 285 

increase. This evolution can be explained by resonant energy transfer between Eu3+ ions (and 286 

Er3+ ions), what leads to decrease of excited state lifetime. 287 

We can also note that this double-exponential modeling reveals the different 288 

environments for Eu3+ cations, as explained by the presence of several crystallographic sites 289 

in the monoclinic structure. 290 

In addition, Khalil et al. [58] have proposed the following equation to describe thermal 291 

and concentration quenching [58]: 292 

[ ]+++== 3)(
1

EuKTKKK Cnrrtτ
    (5) 293 

Where Kt is the observed decay rate, Kr and Knr(T) are the radiative and non-radiative decay 294 

rates, respectively, and Kc is the quenching term dependent on the concentration of europium 295 

ions. Knr(T) is dependent on the environment and temperature. This equation can be 296 

transposed to our case by adding a component related to the Er3+ concentration: 297 
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[ ] [ ]++ +++== 3'3)(
1

ErKEuKTKKK CCnrrtτ
   (6) 298 

If we consider that the measurements are carried out at a constant temperature and that the 299 

concentration of Er3+ ions is constant in samples series, the PL lifetime (or average lifetime) is 300 

directly related to the concentration of Eu3+ ions according to the equation: 301 

][

1
3++

=
EuKA C

aveτ
     (7) 302 

Where A is a constant. The evolution of an average lifetime as a function of the x is shown in 303 

Figure 6b. We find a decay that can satisfy the expression (7) followed by a bearing from x = 304 

0.6. This limit is in good relation with the concentration quenching observed under the 377 305 

nm excitation (see Figure 5c). The average lifetime changes from 894 to 674 μs and Kc can be 306 

calculated by modeling the first part of the curve (dashed line in Figure 6b). This one is worth 307 

1.299x10−3 µs−1.at. %−1. In the same way, the room temperature PL decay curves of 308 

La1.95−yEu0.10EryTi2O7 monitored at 393 nm and correspondent to the 5D0 → 7F2 transition 309 

were also acquired. These curves are shown in Figure S2. The τave variation of the lifetime as 310 

a function of y shows a sudden decrease until y = 0.10, then an increase. This evolution can 311 

be related to the structural modification experienced by the sample series (see Figure 1). 312 

Indeed, below y = 0.1, only the monoclinic phase is present and, beyond, a phase mixture is 313 

obtained (monoclinic and cubic). In order to study the Er3+ influence, we also recorded the PL 314 

decay curves as a function of x and y for the 4S3/2 → 4I15/2 transition (Er3+) excited at 377 nm. 315 

The dependences are shown in Figure S3. Besides the fact that these average PL lifetime 316 

values are significantly smaller, if compared to those of the 5D0 → 7F2 transition of the Eu3+ 317 

ions, the changes in average PL lifetime values show a sharp fall for low values of x and y. 318 

This also tells us that the constant K'c is much higher than the constant Kc. All these results 319 

show a dominance of Eu3+ ions on the spectral emission of La2-x-yEuxEryTi2O7 oxides. 320 
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 As observed in the photographs of Figure 5a, the La2-x-yEuxEryTi2O7 oxides present 321 

an intense emission with orange-reddish color. The CIE 1931 chromaticity coordinates have 322 

been calculated for the entire series under λexc = 310 nm. In Figure 7a, the 3D plot of CIE 323 

1931 coordinates as a function of the atomic percent of europium ions are shown. On the 2D 324 

plot projection, we observe a linear variation between the X and Y coordinates (Figure 7b) 325 

which illustrates a change of color from orange to red. This color shift can be explained by an 326 

intensity increase of the line coming from the 5D0 → 7F2 transition with respect to those of 327 

other transitions. In the similar way, the 3D plot of CIE 1931 chromaticity coordinates as a 328 

function of the atomic percent of erbium ions are presented in Figure 7c. On the 2D plot 329 

projection (Figure 7d), we observe also a linear variation between the X and Y coordinates. 330 

This time, we observe a shift from red to orange with the increase in the proportion of erbium. 331 

This behavior is explained by a larger intensity decrease for the 5D0 → 7F2 line if compared to 332 

that of the 5D0 → 7F1 line. It is known that the 5D0 → 7F2 transition is hypersensitive to the 333 

local environment and the 5D0 → 7F1 is insensitive to site symmetry [48]. Consequently, the 334 

ratio between these emission intensities defined by R = I(5D0 → 7F2)/I(5D0 → 7F1), can be 335 

used as a sensitive optical probe to determine the symmetry site where Eu3+ ion is located 336 

[59]. The evolution of the R value is presented in Figure S4 in supplementary materials. We 337 

observe a linear decrease of this value between x = 0.01 and x = 0.1 values of Er3+ content in 338 

synthesized compounds. This can be explained by a lower distortion of the Eu3+ ion 339 

occupancy sites due to the insertion of Er3+ ions within the layered perovskite structure. 340 

Indeed, the Er3+ ion radius is smaller, it counterbalances the distortion of the sites of 341 

occupation in the monoclinic/layered-perovskite structure. Above x = 0.1, a break is observed 342 

which may be related to the presence of a phase mixture (monoclinic/cubic), as described in 343 

the XRD part. In this case, the cubic phase has centro-symmetric lattice sites that can be 344 

occupied by Eu3+ ions and, therefore, this also contributes to the decrease of the R ratio. 345 
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The good thermal resistance and the submicron size of these oxides can allow a homogeneous 346 

dispersion in a vitreous matrix to create luminescent glasses for displays, artworks and even 347 

anti-counterfeiting markers in luxury flasks. In order to verify this, we carried out a 2% mass 348 

dispersion of oxide in a lithium tetraborate matrix. The glass wafer (⌀ 4 cm, thickness 3 mm) 349 

is then formed through the fused bead method. As shown in Figure 8, the transmittance of the 350 

glass is very slightly affected by the presence of the oxide. The transmittance drop by 2% is 351 

observed in the visible range. Photography under natural light, as shown in inset of Figure 8, 352 

highlights the good conservation of the glass transparency. Under UV light (365 nm), the 353 

luminescence is clearly observed with the naked eye (the intensity increases with the 354 

concentration of europium, as observed in the case of oxides). The transmission spectrum also 355 

shows characteristic transitions of the Er3+ and Eu3+ ions, which are directly annotated in 356 

Figure 8. The absorption lines, observed in transmission spectrum of the glass sample, are just 357 

overlapping, as observed in excitation spectra. The good chemical and thermal resistance of 358 

these oxides allows us to use them as active material within vitreous matrix. 359 

 360 

3.3 Up-conversion luminescence properties 361 

The upconversion properties of La2-x-yEuxEryTi2O7 oxides were also investigated using 362 

two lasers emitting at 808 and 980 nm. In Figure 9a, the emission of the different powders 363 

under a laser excitation of 785 nm (power 40 mW) is shown. All samples showed green 364 

luminescence visible by naked eye. It is also evident that brightness of emitted light decreases 365 

with increasing Eu3+ concentration for a fixed Er3+ concentration. The opposite, however, is 366 

observed if Er3+ concentration is increased for the fixed Eu3+ content. This clearly indicate, 367 

that high Eu3+ concentration quenches upconversion emission of Er3+ ions in La2-x-368 

yEuxEryTi2O7 oxides. The samples with x = 0.05, y = 0.10 and x = 0.10, y = 0.10 showed the 369 

most intensive upconversion luminescence. 370 
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The room temperature emission spectra recorded on the La1.70Eu0.20Er0.10Ti2O7 oxide 371 

under the excitation at 980 and 808 nm show three main sets of lines attributable to energy 372 

levels of the Er3+ ion. The bands centered at 520, 547 and 665 nm correspond to 373 

2H11/2 → 4I15/2, 4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 transitions, respectively (Figure 9b). As the 374 

conventional luminescence, the multitude of peaks observed is certainly due to a modification 375 

of the electronic states by the Stark effect [51]. The mechanism of absorption in upconversion 376 

luminescence can follow three main processes [60], [61]: Excited-State Absorption (ESA), 377 

Energy Transfer (ET) and Photon Avalanche (PA). The upconversion mechanisms can be 378 

evaluated by measuring the upconversion intensity as a function of the laser power. The 379 

number of photons (α) which are required to populate the upper emitting level can be 380 

obtained by the following relation [62]: 381 

αPI ∝       (8) 382 

In order to highlight the process involved, we recorded the emission spectra for 383 

different laser powers at 980 nm (Figure 9c). Then, we plotted the evolution Ln(I) vs. Ln(P) 384 

(see Figure 9d). The slope of this curve indicates the number of photons involved in the 385 

absorption process. No inflection point is highlighted, therefore, we can exclude an avalanche 386 

process of photons. In our case under the excitation at 980 nm, we observe linear evolutions 387 

whose slopes are 1.23 and 1.50 for the 4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 transitions, respectively. 388 

We can suggest that two photons are required to create these mechanisms. This process has 389 

already been demonstrated in a previous study on a monosubstitution of La2Ti2O7 with Er3+ 390 

ions [17]. 391 

 The time-resolved measurements performed for 4F9/2 → 4I15/2 transitions under the 980 392 

and 808 nm laser excitation are presented in Figure 10, and this reveals that the main 393 

excitation mechanism for Er3+ ions is excited state absorption regardless the excitation 394 
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wavelength. The decay curve can be fitted using the sum of two exponential functions, as 395 

described above. Concerning the 4F9/2 → 4I15/2 transition for the 980 nm laser excitation, we 396 

obtained an average PL lifetime value of 61.6 μs, and, concerning the same transition for the 397 

808 nm laser excitation, the average PL lifetime value of 32.3 μs is obtained. It is evident that 398 

Er3+ emission quenches almost twice faster if samples are excited with the 808 nm laser. 399 

Therefore, it can be concluded that the internal efficiency of Er3+ is higher for the 980 nm 400 

laser excitation. 401 

To complete this study, the temperature-dependent upconversion emission spectra of 402 

La1.75Eu0.20Er0.05Ti2O7 specimen were recorded under the laser excitation at 980 nm and they 403 

are shown in Figure 11a. The conventional emission spectra with the emission bands 404 

attributable to 2H11/2 → 4I15/2, 4S3/2 → 4I15/2, 4F9/2 → 4I15/2 and 4I9/2 → 4I15/2 transitions, located 405 

at 520, 544, 660 and 811 nm, respectively, are observed. For all transitions, we can see a 406 

gradual decrease in intensity as a function of temperature over a range of 77 to 500 K. This 407 

decrease is induced by thermal quenching effect. This luminescence quenching is due to the 408 

increased probability of non-radiative transitions from excited state to ground state at elevated 409 

temperatures [63]. The temperature dependence of the luminescence can be described by the 410 

Mott-Seitz equation (Ea represents the activation energy for the thermal quenching) [64], [65]: 411 

Tk

E

B

a

Ce

I
TI

−
+

=
1

)( 0      (9) 412 

Where, I0 and I(T) are the initial intensity and the intensity at the given temperature, 413 

respectively. C is constant, kB is Boltzmann's constant (8.617x10-5 eV/K) and Ea is the thermal 414 

activation energy for the non-radiative transition. Note that, in this expression of the 415 

luminescence decay, the contribution of the phonon-assisted transitions is neglected. The 416 

activation energy can be calculated from a plotting of ln[(I0/I)-1] against 1/kBT, where a slope 417 

is equal to −Ea. The activation energy for 4F9/2 → 4I15/2 transition quenching was found to be 418 
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52.8 meV as shown in the inset of Figure 11b. There are several mechanisms that can describe 419 

this thermal quenching phenomenon. The most common is based on energy level diagram 420 

evolving with the temperature. At low temperature, the excited levels are populated and their 421 

de-excitation leads essentially to the emission of luminescence. At high temperature, the 422 

phonon frequency increases leading to increased probability of multi-phonon relaxation and 423 

thus, non-radiative de-excitation of excited states. 424 

By normalizing the emitted intensity at 544 nm, we clearly observe an evolution of the 425 

intensities corresponding to the 2H11/2 → 4I15/2 (IH) and 4S3/2 → 4I15/2 (IS) transitions with 426 

temperature (Figure S5a in supplementary material). Therefore, the Fluorescence Intensity 427 

Ratio (FIR(T)=IH/IS) can be employed in thermal sensing [66]. Indeed, the 2H11/2 and 4S3/2 428 

levels are in thermal equilibrium and the electrons in them obey Boltzmann distribution law; 429 

therefore, FIR(T) can be expressed by the following equation [67]: 430 
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Where A is a pre-exponential constant, ΔE is the energy gap separating the 2H11/2 and 4S3/2 432 

levels, kB is the Boltzmann constant, and T is the absolute temperature. The calculated values 433 

of IH/IS as a function of temperature for La1.75Er0.05Eu0.20Ti2O7 sample are shown in 434 

supplementary material (Figure S5b). The fit of experimentally obtained data with this 435 

previous equation yielded ΔE = 565 ± 28 cm-1 and A = 4.539 ± 0.8. From there, the sensitivity 436 

(S) that defines the change rate of R(T) per unit temperature, can be determined with 437 

following equation [68]:  438 
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Since the values of A and ΔE were already obtained, it was possible to model the 441 

sensitivity curve. So, as shown in supplementary materials (Figure S5c), the sensitivity 442 

reaches maximum of 3.1x10-3 K-1 at 405 K and the optimal temperature range of use is 443 

defined where the sensitivity S is higher than half of its maximum value SMax as illustrated in 444 

Figure S5c in supplementary materials. In a previous study based on La1.9Er0.1Ti2O7 oxides 445 

(mono-substitution with Er3+), the sensitivity was determined at 1.1x10-2 K-1 at 512 K and the 446 

useful temperature range was estimated between 250 and 1373 K [17]. To conclude, these 447 

oxides can be used for applications of thermal sensing; but in the case of a co-substitution 448 

(Eu3+/ Er3+), the Eu3+ ions have a detrimental effect with a reduction of the sensitivity (by a 449 

∼3.7 factor for La1.75Eu0.20Er0.05Ti2O7 oxides) and a reduction in the useful temperature range. 450 

This behavior can be explained by non-radiative energy transfer (ET) between energy levels 451 

of Er3+ and Eu3+ ions. 452 

 453 

4. Conclusion 454 

The La2-x-yEuxEryTi2O7 oxides were successfully synthesized using solid-state 455 

reaction. These materials were characterized by X-ray Diffraction, Scanning electron 456 

microscopy and fluorescence spectroscopies. We have demonstrated that the monoclinic 457 

structure is preserved if Eu3+ and Er3+ substitution rates are lower than 0.20 and 0.10, 458 

respectively. For higher values, a mixture consisting of a substituted monoclinic phase with 459 

the layered-perovskite structure and cubic phases, with the pyrochlore structure (Eu2Ti2O7 and 460 

Er2Ti2O7) were found. In addition, the morphological features of La2-x-yEuxEryTi2O7 also 461 

depends on the substitution rate. For low substitutions, we have noticed the presence of 462 

aggregates of uniform submicron sized particles and, when the rates increase, the grain-size 463 

distribution becomes random. Concerning the luminescence properties, we note intense lines, 464 
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assigned to Eu3+ transitions, centered at 612.5 nm when the samples are excited at 310 nm. 465 

However, when the materials are excited at 377 nm, we noticed the presence of green 466 

emission bands at 525 and 548 nm which correspond to transitions of Er3+ ions. Moreover, we 467 

noticed the decrease of the average lifetime with the increase of Eu3+ ion content, which is 468 

explained by a resonant energy transfer between Eu3+ and Er3+ ions. The CIE 1931 469 

chromaticy coordinates were plotted versus the Eu3+ (and Er3+) ions concentration. A shift 470 

from red to orange was observed with the increase of Er3+ concentration and a shift from 471 

orange to red was observed with the increase of Eu3+ concentration. The materials were also 472 

dispersed in a glass matrix yielding brightly luminescent glass under the UV radiation. The 473 

decrease of glass transparency due to phosphor incorporation was negligible. The 474 

upconversion luminescence properties were checked by using two laser lines at 808 and 980 475 

nm. For the later, a two photon mechanism was demonstrated and the observed bands 476 

correspond to the emission of Er3+ ions. The average upconversion life times are 61.6 and 477 

32.3 µs for 980 and 808 nm laser excitation, respectively. The evolution of the upconversion 478 

luminescence with the temperature was investigated and it follows a Mott-Seitz behavior. To 479 

finish, these oxides having these double luminescence properties under UV and NIR 480 

excitation, can have several potential applications: i) their good thermal resistance allows 481 

them to be dispersed in a glass matrix in order to create anti-counterfeit bottles for the luxury 482 

perfume industry. The dispersion carried out in this study on a borate glass confirms this 483 

potential; ii) These oxides could also be used to design inks that can be used for official 484 

documents, ticketing and banknotes (their activities under two distinct wavelengths will 485 

strengthen the document security); iii) After a toxicological study, these oxides could also be 486 

used for applications in biology in particular as materials for labeling or as support materials 487 

for phototherapy to activate a drug under the NIR excitation and also be detectable with the 488 

UV microscopy surface excitation; iv) as materials for coupled detection of NIR and UV 489 



21 

radiation on the same material or v) more recently, it has been shown that these oxides, in the 490 

form of single crystals, have low extinction coefficients in the visible range [69], [70]. As 491 

such, the luminescence properties can be used for the design of laser crystals. 492 

 493 
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 724 

Figure captions 725 

 726 

Figure 1. XRD patterns of La2-x-yEuxEryTi2O7. The stars indicate the cubic/pyrochlore phases. 727 

 728 

Figure 2. SEM images of (a) La1.94Eu0.05Er0.01Ti2O7, (b) La1.90Eu0.05Er0.05Ti2O7, (c) 729 

La1.60Eu0.10Er0.30Ti2O7, (d) La1.55Eu0.40Er0.05Ti2O7.  730 

 731 

Figure 3. Diffuse reflectance UV-Visible spectra and Tauc plots for La1.85Eu0.10Er0.05Ti2O7, 732 

Er2Ti2O7 and Eu2Ti2O7 oxides. 733 

 734 

Figure 4. Luminescence properties of La1.6Eu0.10Er0.30Ti2O7 oxide: (a) Room-temperature 735 

excitation spectra recorded in the range of 250 to 575 nm at λem=547.5 nm and λem=612.5 nm; 736 

(b) Room-temperature emission spectra recorded in the range of 450 to 800 nm at λexc=310 737 

nm and λexc=377 nm. 738 

 739 

Figure 5. a) Photographs highlighting emission color of La2-x-yEuxEryTi2O7 oxides under 740 

excitation at 365 nm; b) Intensity evolution of 5S3/2 → 4I15/2 transition vs. y in La1.90-741 

yEu0.10EryTi2O7 oxides under λexc=310, 377 and 393 nm ; c) Intensities evolutions of 5D0 → 742 
7F4 and 5D0 → 7F2 transitions vs. x in La1.95-xEuxEr0.05Ti2O7 oxides under λexc=310 and 377 743 

393 nm ; d) Intensities evolutions of 5D0 → 7F4 and 5D0 → 7F2 transitions vs. y in in La1.90-744 

yEu0.10EryTi2O7 oxides under λexc=310 and 377 nm. 745 

 746 

Figure 6. a) Photoluminescence decay curves of La1.95-xEuxEr0.05Ti2O7 oxides b) Evolution of 747 

the average lifetime as a function of the x value under an excitation of 393 nm. 748 

 749 

Figure 7. a) 3D plot and b) 2D projection of CIE 1931 coordinates of La1.95-xEuxEr0.05Ti2O7 750 

oxides; c) 3D plot and d) 2D projection of CIE 1931 coordinates of La1.90-yEu0.10EryTi2O7. 751 

 752 

Figure 8. Transmittance spectra of glass alone and glass loaded with 2% by weight of 753 

La1.60Eu0.30Er0.10Ti2O7 oxide (inset, photograph of the glass wafer under natural light and 754 

under UV excitation). 755 

 756 

Figure 9. a) Photographs highlighting the emission color variation of La2-x-yEuxEryTi2O7 757 

oxides under 785 nm laser excitation (40 mW) b) Upconversion emission spectra of 758 

La1.85Eu0.10Er0.05Ti2O7 with two exciting laser (808 and 980 nm); c) Upconversion emission 759 

spectra of La1.85Eu0.10Er0.05Ti2O7 (λex=980 nm) at different laser power (from 0.05 W to 0.98 760 

W) recorded at room temperature; d) Power dependence of upconversion luminescence from 761 
4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 transitions. 762 

 763 

Figure 10. Upconversion decays curves performed for 4F9/2 → 4I15/2 transition and obtained 764 

under 808 and 980 nm laser excitation. The blue curve represents the Instrument Response 765 

Function (IRF) for a laser pulse at 808 nm. 766 

 767 

Figure 11. a) Emission spectra (λex=980 nm) vs. temperature of La1.85Eu0.10Er0.05Ti2O7 oxide 768 

in a range of 77 to 500 K; b) Evolution of UC intensity as a function of the temperature for 769 
4F9/2 → 4I15/2 transition (inset a plot of ln(I0/I-1) as a function of 1/T for the determination of 770 

the activation energy). 771 

 772 
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