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Abstract:  14 

Phosphor-converted white light-emitting diodes (pc-wLEDs) are drawing ever-increasing attention towards electronic 15 

applications. However, thermal quenching, the intensity decay with increasing temperature, presents a significant challenge for 16 

high power operation. We reverse the effect with a negative-thermal-quenching property based on energy transfer from one 17 

luminescent center to another center. The LaMgAl11O19: Er3+, Sm3+ (LMA: LaMgAl11O19: Er3+, Sm3+) phosphor has been designed, 18 

which shows a positive relationship between emission intensity and operating temperature up to 573 K (300 °C). As the 19 

temperature rises, energy transfer from Er3+ to Sm3+ occurs with higher efficiency because of stronger ionic vibration. As a result, 20 

the phosphor luminescence intensity at elevated temperatures is enhanced. Our design for negative-thermal quenching phosphor 21 

laid the foundation for the research of high-power pc-wLEDs or lasers at higher temperatures. It also has potential for wide-22 

temperature-sensing-range radiometric optical thermometry applications. 23 
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Phosphor-converted white light-emitting diodes (pc-wLEDs) are considered the next-generation solid-state lighting due to low 27 

energy consumption, high reliability and luminous efficiency, long lifetime and environmentally friendly characteristics [1-4]. 28 

Combining single-phased trichromatic phosphors with ultraviolet (UV) LED chips is becoming particularly important for 29 

generating white light [5-7]. LED demonstrates excellent color rendering indexes, minor color aberration, and high luminous 30 

efficiency. However, the emission intensity usually deteriorates during high-power operation because of the nonradiative 31 

relaxation of electrons from an excited state to the ground state at temperatures higher than 423 K [8-10]. This emission thermal 32 

quenching (TQ) behavior plagues the efficiency and color rendering index [11, 12]. Therefore, in order to improve the luminous 33 

efficiency of white LED at high temperature, it is necessary to carry out further research. 34 

Previous research shows TQ depends mainly on the structural rigidity of the host materials [13-17]. A rigid bonding network and 35 

high bond strength can substantially minimize the emission loss with increasing temperature [18-20]. Many researchers have 36 

reported that ion-doping-induced defects can effectively mitigate TQ [21, 22]. Due to the energy compensation of zinc vacancies 37 

and the existence of oxygen vacancy defects, Li et al. reported an anti-thermal-quenching cyan-emitting Ba2ZnGe2O7:Bi3+ 38 

phosphor, the emission intensity of the phosphor at 150 °C is 114 % of that at room temperature[23]. Wu et al. reported a Sm3+ 39 

and Eu3+ co-doped SrBi2B2O7 phosphors, according to the crystal local environment research and first-principles calculation, the 40 

crystal structure of SrBi2B2O7: Sm3+, Eu3+ is more compact at high temperature. Therefore, the formation energy of the defects is 41 

low, which enhanced the thermal stability of the phosphor[24]. Wang et al. reported a Ca3.6In3.6(PO4)6:Sm3+, Eu3+ phosphor with 42 

an internal quantum efficiency of up to 82.8 %, double ion co-doping increases the local symmetry of the crystal. During the 43 

energy transfer process from Sm3+ to Eu3+, the synergistic enhancement of thermal stability of phosphors was realized[25]. In 44 

particular, recent studies have shown that the zero-thermal-quenching phenomenon at elevated temperature can occur with the 45 

Na3-2xSc2(PO4)3:xEu2+ phosphor through the migration of thermally reactivate defect-trapped electrons to the conductive bandgap 46 

of Eu2+ [26]. These results indicate the role of electron transfer in optimizing the design of phosphors with excellent thermal 47 

behavior. However, controlling the level of the defects and the reactivation process is practically challenging (Fig. 1). 48 

Energy transfer from a sensitized center to a luminescent center, which is also implemented through electron migration, is a 49 

common approach to designing emission-tunable single-phased phosphors for wLEDs [27-29]. Here, we firstly design the energy 50 

transfer process from Er3+ to Sm3+ and prepare a color-tunable and negative-thermal-quenching phosphor LMA: Er3+, Sm3+ with 51 

stable color rendering at increasing temperatures, based on the absolute overlap between the UV activated emission spectra of 52 

Er3+  and the adsorption spectra of Sm3+ in LMA host. The design reverses the TQ with rising emission intensity up to 573 K 53 

achieved by the energy transfer process. The unique luminescence properties of LMA: Er3+, Sm3+ confirmed that the energy 54 

transfer is an effective tactic for designing novel phosphors with the enhanced thermal property.  55 
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 56 

Fig. 1. Schematic illustration of the thermal quenching effect of pc-wLEDs. The left part shows the schematic of the pc-57 

wLED device. The right part shows the mechanisms of the normal TQ, zero-TQ, and negative TQ effect of phosphors at high 58 

temperatures. The thickness of the outline during the conversion process depicts the extent of luminous intensity.  59 

2. Experimental Section 60 

2.1 Materials and Synthesis 61 

All phsphors investigated in this paper including LMA: xEr3+ (x=0.01, 0.03, 0.05, 0.08, 0.1, 0.15), LMA: 0.08Sm3+, and LMA: 62 

0.1Er3+, ySm3+ (y=0.01, 0.03, 0.05, 0.08, 0.1, 0.2) were prepared via a high temperature solid state reaction method. Analytical 63 

grad La2O3 (99.99%), Mg(OH)2 (99.9%), Al(OH)3 (99.9%), Er2O3 (99.99%), and Sm2O3 (99.99%) were used as raw materials, 64 

weighed quickly, and mixed in an agate mortar for about 30 min. Then the mixtures were charged into an alumina crucible, 65 

calcined at 1600 °C for 4 h, and finally ground into powders after natural cooling for further measurements. 66 

2.2 Characterization 67 

The phase composition for the phosphor samples was investigated by x-ray diffraction (XRD, D8 Advance diffractometer, Bruker 68 

Corporation, Germany) with a Cu Kα (λ=1.5406 Å) radiation. The powder XRD pattern for Rietveld analysis of LMA: 0.1Er3+, 69 

0.08Sm3+ was collected at a step size of 0.02° and 20 s counting time per step. The Rietveld refinement was analyzed by TOPAS 70 

4.2, using magnetoplumbite-type structure LMA as the starting structure [30]. The morphologies and elemental analysis of the 71 

LMA: 0.1Er3+, LMA: 0.08Sm3+, and LMA: 0.1Er3+, 0.08Sm3+ phosphors were studied using a Field-emission scanning electron 72 
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microscope (FESEM, SUPRA 55, Zeiss, Germany) equipped with energy-dispersive X-ray spectroscopy (EDS). A transmission 73 

electron microscope (TEM/HRTEM, JEM-2100HR, JEOL, Japan) was used to obtain the microstructure of the as-prepared 74 

samples. The photoluminescence excitation (PLE) and emission (PL) spectra at room temperature were recorded using a 75 

fluorescence spectrophotometer (F-4600, Hitachi, Japan). A 150 W Xe lamp was selected as the excitation source, and the 76 

photomultiplier tube was working at 500 V. The CIE chromaticity coordinates were calculated according to the spectrum data. 77 

The schematic energy level diagram for the excitation and emission process of Er3+ and Sm3+ in LMA was calculated based on 78 

the electronic energy levels in the trivalent lanthanide aquo ions [31]. The decay curves were recorded using a spectrofluorometer 79 

(FLS 980, Edinburgh Instruments Ltd., UK) using a 250 nm pulse laser as the excitation source. The temperature-dependent decay 80 

curves were recorded on the same spectrofluorometer with an automatic temperature-controlled heating holder. The temperature-81 

dependent PL spectra were measured on the spectrophotometer (F-4600, Hitachi, Japan), combined with a self-made heating 82 

attachment and a computer-controlled electric furnace. Quantum yields were measured on a fluoromax-4 spectrofluorometer 83 

(Horiba Jobin Yvon, France) with an integral sphere at room temperature.  84 

2.3 Calculation for the decay lifetimes 85 

Based on the decay curves, the lifetimes of the LMA: Er3+, Sm3+ phosphors are calculated according to the following equation 86 

[32]: 87 

𝐼 = 𝐼0𝑒𝑥𝑝(−𝑡 𝜏⁄ )                                                                                                   (1) 88 

where τ is the lifetime, I0 and I are the emission intensity at the initial time and time t, respectively. The temperature-dependent 89 

decay curves of the LMA: Er3+ and LMA: Er3+, Sm3+ phosphors are measured in a special heating holder at the same excitation 90 

and monitoring wavelength. And the PL lifetimes were also calculated according to Eq. (1). 91 

2.4 Calculation for the interaction of energy transfer 92 

The multipolar interaction of energy transfer between Er3+ and Sm3+ ions, Dexter’s energy transfer expressions of multipolar 93 

interaction and Reisfeld’s approximation are simplified as follows [33]: 94 

𝐼0 𝐼𝑦 ∝ 𝐶𝑛 3⁄⁄                                                                                                   (2) 95 

where I0 and Iy are the luminescence intensity of LMA: 0.01Er3+/ ySm3+ phosphors with the absence and presence of Sm3+, and C 96 

is the sum of the doping concentration of Er3+ and Sm3+ ions. The value n stands for the multipolar interaction of energy transfer, 97 

for which n= 6, 8, 10 represent the dipole-dipole (d-d), dipole-quadrupole (d-q), and quadrupole-quadrupole (q-q) interactions, 98 

respectively.  99 

2.5 Quantum yield, correlated color temperature and color rendering index 100 

In addition, important factors for practical wLEDs of phosphors, the quantum yield (QY), correlated color temperature (CCT) 101 

and color rendering index (Ra) were also studied. Herein, the quantum yields of LMA: 0.1Er3+, ySm3+ phosphors were measured 102 
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under the excitation at 255 nm. The recorded QYs of LMA: 0.1Er3+, ySm3+ phosphors (y=0, 0.01, 0.03, 0.05, 0.08, and 0.1) are 103 

0.31, 0.30, 0.36, 0.38, 0.39, and 0.23, respectively. The CCT and Ra of LMA: 0.1Er3+, 0.01Sm3+ phosphor were calculated to be 104 

7096 and 85, under the excitation at 254 nm.  105 

3. Results and Discussion 106 

3.1 Phase, crystal structure, and morphology 107 

The XRD patterns of the LMA phosphors and LMA doped with various rare-earth ions (LMA: Er3+, LMA: Sm3+, and LMA: Er3+, 108 

Sm3+) are illustrated in Fig. S1. All peaks can be indexed to LMA (No. 78-1845). The lack of trace peaks in Fig. S1 indicates that 109 

the phosphor is pure single-phase LMA, and the sharpness of the peaks shows that the crystallinity is good. The Rietveld 110 

refinement shows that the Er3+ and Sm3+ are doped on the La3+ site (Fig. 2a, Table S1). The crystal lattice structure of LMA: 111 

0.1Er3+, 0.08Sm3+ based on the refinement results is made up of two lattice units (Fig. 2b), in which La3+ (or Er3+/ Sm3+) coordinate 112 

with twelve oxygen ions in the LaO12 (or ErO12 or SmO12) coordination polyhedron. All the LMA: 0.1Er3+, LMA: 0.08Sm3+, and 113 

LMA: 0.1Er3+, 0.08Sm3+ phosphors have a platelet morphology with a thickness of around 0.5 μm and lateral size of 2-5 μm 114 

(Figs. 2c-e, Fig. S2); a size optimal for phosphor luminous efficiency and wLED encapsulation. The EDS mapping indicates that 115 

Er and Sm elements are evenly distributed in the platelets (Fig. S2) with an atomic ratio of 7:1, agreeing with the target 116 

stoichiometric composition (Fig. 2f). 117 

 118 

Fig. 2. Phase, crystal structure, and morphology of the LMA: 0.1Er3+, 0.08Sm3+ phosphor. (a) Rietveld refinement of the X-119 

ray diffraction data indicating the co-doped sample hexagonal packed crystal structure with the space group of P63/mmc. (b) 120 

Crystal lattice structure showing sites of La
3+

 are occupied by La3+, Er3+ and Sm3+ ions with the occupation proportion p=0.890, 121 
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0.074 and 0.036, respectively. The cell parameters of the as-prepared LMA: 0.1Er3+, 0.08Sm3+ product are a=b= 5.59Å, c= 122 

21.95Å, and the cell volume at 594.07Å3 is smaller than those of pristine LMA structure. (c) TEM and (d, e) HRTEM images of 123 

the LMA: 0.1Er3+, 0.08Sm3+ phosphor showing that the d-pacing of (204) and (114) planes of LMA with 0.22 and 0.25 nm, 124 

respectively. (f) The EDS spectrum recorded in (c) with an inset table showing the detailed data of the EDS spectrum including 125 

elements of La, Mg, Al, O, Sm, and Er. 126 

3.2 Luminescence properties of LMA: xEr3+  127 

The LMA: xEr3+ phosphors excited by a 255 nm UV light (Fig. 3a left) generate one of the corresponding emission peaks at 402 128 

nm (Fig. 3a right) that LMA: Sm3+ could absorb. When LMA: Sm3+ absorbs light at 403 nm it emits 594 nm light (orange-reddish) 129 

(Fig. 3b). The most substantial absorption peak of LMA: Sm3+ closely overlaps with the strongest emission peak of LMA: xEr3+ 130 

(Fig. S3). This indicates multi-channel relaxation pathways during energy transfer from Er3+ to Sm3+ and results in white light. 131 

The concentration quenching occurred at x=0.1, suggesting that 255 nm is a more suitable excitation source than the normal source 132 

at 378 nm because of the efficient variable radiative probability of Er3+ (Fig. 3c, Figs. S4-5). 133 

3.3 Energy transfer behavior of LMA: Er3+, Sm3+ phosphors  134 

To prove the energy transfer between Er3+ and Sm3+, the emission spectra of LMA: 0.1Er3+, ySm3+ with different Sm3+ 135 

concentrations are recorded and shown in Fig. 3d. The spectra split between the emissions of Er3+ (350 to 550 nm) and Sm3+ (550 136 

to 700 nm). With increasing Sm3+ concentration, the emission intensity of Er3+ significantly decreases, and the emission intensity 137 

of Sm3+ increases (Fig. 3e), further proving that the energy transfer from Er3+ to Sm3+ within the LMA host. The maximum Sm3+ 138 

emission intensity is observed at y=0.08 before concentration quenching.  139 

To further investigate the energy transfer from Er3+ to Sm3+, the PL decay curves of LMA: Er3+, Sm3+ in Fig. 3f are measured, 140 

which decrease gradually with the increasing concentration of Sm3+ ions. As shown in Table S2, the lifetimes of Er3+ ions in LMA: 141 

Er3+, Sm3+ phosphors are calculated to be 270.0, 267.4, 184.2, 166.9, and 146.6 μs, which decrease with increasing Sm3+ 142 

concentration. The energy transfer from Er3+ to Sm3+ finds another evidence from the decrease in lifetimes of LMA: Er3+, Sm3+ 143 

phosphors with increasing Sm3+ concentrations, as indicated by the PL decay curves in Fig. 3f (Fig. S6 and Table S2). When the 144 

LMA: Er3+, Sm3+ phosphors are excited at 260 nm, the energy of Er3+ electrons at a high energy state are transferred to Sm3+ by 145 

energy level resonance and photon energy reabsorption. The electrons of Sm3+ are then effectively excited from the valence band 146 

to the conduction band, finally resulting in the emission of Sm3+ when the electrons relax back to the valence band (Fig. 5a). 147 

The following equation calculates the energy transfer efficiency (ηet): 148 

𝜂𝑒𝑡 = 1 − 𝜏𝑦 𝜏0⁄                                                                                                (3) 149 

where τy and τ0 are the lifetimes of Er3+ with and without the co-doped Sm3+, respectively. The ηet increases with the increase of 150 

the Sm3+ content, as shown in Table S2, further confirming the energy transfer process. The multipolar interaction of energy 151 



 7 

transfer between Er3+ and Sm3+ is analyzed by a simplified Dexter’s energy transfer expressions of multipolar interaction and 152 

Reisfeld’s approximation [34]. According to the value of R2 (Fig. S7), in the best linear relationship, when n= 10, the mechanism 153 

that governs the energy transfer from Er3+ to Sm3+ in the LMA host is quadrupole-quadrupole interaction. 154 

Manipulation of the emission feature of LMA: Er3+, Sm3+ allows us to tune its PL spectra and emission color from blue to white 155 

and then to the red region with increasing Sm3+ concentration as confirmed by the calculated CIE coordinates (Fig. S8, Table S3). 156 

The CIE coordinate of LMA: 0.1Er3+, 0.01Sm3+ at (0.3141, 0.2791) is close to white light. In addition, QY and CCT of LMA: 157 

0.1Er3+, 0.01 Sm3+ phosphors are 0.30 and 7096, respectively, under the same excitation light. When fabricated into an LMA: 158 

0.1Er3+, 0.01Sm3+-based wLED with a deep-UV LED chip (λ=254 nm) (Fig. S9), it can also exhibit bright white emission stable 159 

with a stable color coordinate (0.3012, 0.2913) and high color rendering index (Ra) (92.5). The more appropriate CIE, CCT and 160 

higher Ra value than the commercial YAG: Ce3+ wLEDs demonstrate that the LMA: Er3+, Sm3+ is a promising candidate for 161 

single-phase white-emitting phosphor for commercial wLEDs (Table S4). 162 
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 163 

Fig. 3. Luminescence properties of the LMA: Er3+/ Sm3+ phosphor. (a) PLE (λem=402 nm) and PL (λex=255 nm) spectra of 164 

LMA: 0.1Er3+. The emission peaks centered at 402, 471, 523, 531, 545, and 619 nm specifically correspond to the 4P3/2→
4I13/2, 165 

4P3/2→
4I11/2, 

2H11/2→
4I15/2, 

4P3/2→
4I9/2, 

4S3/2→
4I15/2, and 4P3/2→

4F9/2 transition from the energy data for different energy levels of 166 

Er3+. The inset presents the magnified PLE spectrum. (b) The PLE (λem=594 nm) and PL (λex=403 nm) spectra of LMA: 0.08Sm3+ 167 

sample. The emission peaks at 561, 594, and 644 nm originate from the 4G5/2→
6HJ (J= 5/2, 7/2, 9/2) transitions. (c) PL spectra of 168 

LMA: xEr3+ phosphors with different Er3+ concentration. The inset shows some weak emission peaks in the long-wavelength 169 

regions. (d) PL spectra of LMA: 0.1Er3+, ySm3+ phosphors (y= 0, 0.01, 0.03, 0.05, 0.08, 0.1, 0.2), and (e) the dependence of the 170 
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emission intensity of the peaks at 402 nm and 594 nm on Sm3+ doping concentration. (f) PL decay curves of Er3+ in LMA: 0.1Er3+, 171 

ySm3+ phosphors excited at 260 nm and monitored at 402 nm. 172 

3.4 Negative-thermal-quenching behavior for practical application 173 

The thermal performance of LMA: 0.1Er3+, 0.01Sm3+ phosphor as a white light source was examined. It shows “negative-thermal-174 

quenching” behavior, where the emission intensity increases with increasing the temperature (Figs. 4a, b). As shown in Fig. 4b, 175 

the emission intensity of Er3+ rises to 323 K and then slowly decreases at higher temperatures. On the other hand, the intensity of 176 

Sm3+ increases continuously with temperature from 298 K to 573 K. As a result, the combined emission intensities showed a 177 

steady-state increase with a value at 423 K, approximately 125% of that at room temperature (298 K). Furthermore, the constant 178 

CIE coordinates at different temperatures (Fig. S10, Table S5) indicate stable color rendering at high temperatures (up to 573 K). 179 

Similar intensity trends were also observed in the temperature-dependent PL spectra of LMA: 0.1Er3+, 0.03Sm3+ phosphors (Fig. 180 

S11).  181 

The integrated PL intensity ratio (P) of Er3+ to Sm3+ emission is used as a thermometric parameter [35, 36]. When P ratios are 182 

normalized with respect to room temperature value, the normalized intensity ratio (P/P273 K) correlates linearly with the 183 

temperatures (T) over a very wide range from 298 to 523 K (Fig. 4c), which is described in the equation below:  184 

𝑇 = 844.0 − 571.4
𝑃

𝑃273 𝐾
                                                                                               (4) 185 

The more accurate linear correlation between the natural logarithm of ratio (lnP) and the inverse of temperature is obtained to 186 

confirm its sensitivity (Fig. 4d) further. The relative sensitivity (Sr) is further calculated based on the following equation (5)[37]: 187 

                                                                                  𝑆𝑟 =
𝛿𝑃 𝛿𝑇⁄

𝑃
                                                                                                   (5) 188 

The inset indicates that the maximum Sr is as high as 0.33% K-1 at 573 K (Figs. S12 and S13), which confirms extraordinary 189 

sensitivity and wider sensing range than the previously reported thermal range in optical thermometry (Table S6) [38]. 190 

Furthermore, the relationship between natural logarithm of ratio (lnP) vs. the inverse of temperature can also be used as an 191 

alternative to gain a more accurate linear correlation (Fig. 4d). The temperature dependence of lnP follows the equation: 192 

                                                                             ln𝑃 =
409.6

𝑇
− 0.5                                                                                            (6) 193 

This corresponding goodness of the plot (R2=0.9896) is much higher than that in Fig. 4c. And the slope of 571.4 and 409.6 are 194 

also several times larger than that in previous studies. Therefore, the LMA: Er3+, Sm3+ phosphor can also be considered as a 195 

candidate for UV-excited luminescent ratiometric thermometer with high sensitivity and wide temperature-sensing range. 196 

4. Discussion 197 

The temperature enhancing performance of the LMA: Er3+, Sm3+ phosphors can be attributed to several factors. The outstanding 198 

thermal stability of LMA: Er3+, Sm3+ phosphors is inherited from the LMA host due to its complicated dense networked 199 
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magnetoplumbite-type structure [39, 40]. Defects formed during materials synthesis may trap thermally reactivated electrons to 200 

compensate for TQ, as indicated by the initial increase in emission intensity of Er3+ (Fig. 4b). At room temperature, the activator 201 

absorbs part of the energy to produce UC emission, and the remaining electrons are captured by nearby defects. As the temperature 202 

gradually increases, the electrons in the defect state are released into the excited state around the activator by thermal activation, 203 

inducing the excited state to release more electrons, lead to the enhancement of UC emission[41-43]. The energy transfer behavior 204 

through photon cascade excitation from Er3+ to Sm3+ is the key to the negative-thermal-quenching behavior. The continuous 205 

increase of Sm3+ emission at the expense of Er3+ emission leads to the overall improvement in intensity with temperature. The 206 

intensity enhancement indicates the nonradiative transition of Er3+ is mitigated by the enhanced energy transfer from Er3+ to Sm3+. 207 

The temperature-dependent PL decay curves in Fig. 4e and Fig. S14 indicate the PL lifetimes of the LMA: Er3+, Sm3+ are 208 

calculated to be 190.1, 178.7, 173.6, 154.6, and 136.4 μs at 298, 348, 398, 448, and 498 K, respectively, which further confirm 209 

that the lifetimes of Eu3+ ions decrease as the temperature rises. The energy transfer efficiency from Er3+ to Sm3+ at 498 K, 210 

calculating based on Eq. (3), improves by five times compared to that at room temperature (Table S7), which is reflected by the 211 

more extensive overlap between the Er3+ emission and Sm3+ excitation with higher temperature. The broadening of the full width 212 

at half-maximum of the peaks due to amplitude increment by stronger ionic vibration of Er3+ and Sm3+ at high temperature is the 213 

main reason for more extensive overlap. These processes establish highly efficient negative-thermal-quenching behavior in LMA: 214 

Er3+, Sm3+ phosphors. 215 
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 216 

Fig. 4. Negative-thermal-quenching behavior of the LMA: Er3+, Sm3+ phosphor. (a) Temperature-dependent emission spectra 217 

of LMA: 0.1Er3+, 0.01Sm3+ phosphor under 255 nm excitation in the temperature range 298-573 K. (b) Temperature-dependent 218 

integrated emission intensity of Er3+ (ranging from 380 to 550 nm) and Sm3+ (ranging from 550 to 700 nm) in LMA: 0.1Er3+, 219 

0.01Sm3+ from 298 K to 573 K. (c) Temperature-dependent thermometric parameter (P/P298 K) of LMA: 0.1Er3+, 0.01Sm3+ 220 

phosphor. P is equal to the ratio of IEr/ISm, where IEr and ISm are the integrated intensity in the range of 380-550 and 550-700 nm, 221 

respectively. (d) The natural logarithm of ratio P (lnP) changing with the inverse of temperature. (e) Temperature-dependent PL 222 

decay curves of Er3+ ions in LMA: 0.1Er3+, 0.01Sm3+ phosphor. 223 

Thus, the energy transfer process is proposed and depicted in Fig. 5a. When the LMA: Er3+, Sm3+ phosphors are excited at 255 224 

nm, electrons in the 4I15/2 level of Er3+ ions could absorb the photon energy and are firstly excited to the 4D7/2 level, then randomly 225 

relax to the 4P3/2, 
2H11/2 and 4S3/2 level by non-radiative relaxation, further relax to lower energy level and result in the emission 226 

features of Er3+ ions. Meanwhile, the energy released from high energy state 4P3/2 band to low energy state 4I13/2 band by Er3+ ions 227 

also transfer to Sm3+ ions by energy level resonance and photon energy reabsorption, then effectively excite the electrons of Sm3+ 228 

ions from valence band (6H5/2) to conduction band (4F2/7), and finally obtain the emission of Sm3+ ions when the electrons relax 229 
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back to the valence band. This indicated that there are multi-channel relaxation pathways during energy transfer process (Fig.S3). 230 

The simplified configurational coordinate diagram in Fig. 5b explains the tendency of the Er3+ to Sm3+ emission with increasing 231 

temperatures. Under the excitation at UV light, the electrons of Er3+ are excited from the ground state (4I15/2) to the excited state 232 

(4P3/2, 
4S3/2, 

2H11/2), then relax to the bottom of the conduction band (point B and C). As a result, blue and green emission lights 233 

are emitted before returning to the ground state. At higher temperatures, more energy is available to overcome the energy barriers 234 

(ΔE1 and ΔE2) and move the electrons from B (or C) to D (or E) and then return to the ground state through nonradiative relaxation, 235 

resulting in the thermal quenching in the absence of Sm3+. Since the energy barrier (ΔE1 and ΔE2) is relatively high for the 236 

phosphor doped only with Er3+, the emission of Er3+ shows excellent thermal stability. For the Er3+ and Sm3+ co-doped samples, 237 

an energy threshold ΔE3 for energy transfer from Er3+ to Sm3+ is obtained, possibly lower than ΔE1. As the temperature increases, 238 

more excited electrons can overcome the energy barrier ΔE3 through electron-phonon coupling and improve the energy transfer 239 

efficiency from Er3+ to Sm3+ reflected as movement from point F to G. In addition, the energy barrier ΔE4 for the thermal activation 240 

of Sm3+ is also large. Hence, the most excited electrons would go back to the ground state through a 4G5/2→
6HJ allowed transition 241 

without thermal quenching, thus explaining the negative-thermal-quenching effect[44, 45]. Therefore, apart from the defect-trap 242 

theory, the energy transfer process for electron migration also plays an essential role in improving the thermal property of 243 

phosphors, which can be further applied to other thermally stable phosphors (Fig. S15). 244 

 245 

Fig. 5. The mechanism for the negative-thermal-quenching behavior. (a) Schematic energy level diagram for the excitation 246 

and emission process of Er3+ and Sm3+ in LMA host. When excited at 255 nm, electrons in the 4I15/2 level of Er3+ absorb the 247 

photon energy and are excited to the 4D7/2 level then randomly relax to the 4P3/2, 
2H11/2 and 4S3/2 level by nonradiative relaxation 248 

and further relax to lower energy level and result in the unique blue emission features of Er3+. (b) The simplified configurational 249 

coordinate diagram of the ground and excited states of Er3+ and Sm3+. 250 

5. Conclusion 251 
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In conclusion, we introduced a negative-thermal-quenching phosphor LMA: Er3+, Sm3+ with outstanding thermal stability and 252 

enhanced emission intensity. When excited by 255 nm light, an obvious overlap between the emission peak of Er3+ and the 253 

excitation peak of Sm3+ in LMA is formed. This effectively prompted a thermally enhanced energy transfer process from Er3+ to 254 

Sm3+ to improve the emission intensity of LaMgAl11O19: Er3+, Sm3+ phosphors up to 573 K. The favorable thermal stability and 255 

preferable CIE coordinates indicates that LMA: Er3+, Sm3+ is expected to be a candidate material for wLEDs. Our work provides 256 

a design concept for future light conversion materials with negative-thermal-quenching properties. These materials can be used 257 

for various applications, including but not limited to high power wLED operations and high temperature radiometric optical 258 

thermometry with great sensitivity and wide-temperature-sensing range.  259 
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