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Figure S1. TEM images of NaGdF4:Yb, Er@NaYF4 (left) and NaYF4:Yb, Er@NaYF4 (right) nanoparticles after decapping and 

redispersing them in water. XRD of NaYF4:Yb, Er@NaYF4 and NaGdF4:Yb, Er@NaYF4 (bottom). 
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Figure S2. The beam profile of the pulsed laser excitation spot measured with a Pyrocam III (Ophir Spiricon). 

 

The shape of the laser beam profile is Gaussian, with a width of 10 mm on X scale and 8 mm on Y scale, as expected of an 

OPO (Optical Parametric Oscillator) laser system. A Gaussian profile of the energy distribution leads to the fact that particles 

at different positions within the laser beam experience different excitation power densities and consequently yield different 

emission intensity1. As the beam profile is rather different from a perfect Gaussian profile, all the emission intensity 

measurements are not compensated for the shape of the beam profile. All energy dependence measurements were 

performed under identical experimental conditions to have meaningful relative values for comparison purposes.  
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Figure S3. Energy density dependencies of Er UC emission spectra of NaYF4:Yb, Er@NaYF4 (a) and NaGdF4:Yb, Er@NaYF4 (b). 

The emission spectra are not normalized for comparison purposes. 
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Figure S4. The upconversion emission spectrum of for NaGdF4:Yb, Er@NaYF4 in the 250 – 500 nm spectral range upon pulsed 

excitation at 976 nm with 600 mJ/cm2 energy density. The emission spectrum was measured at 0.1 µs delay after the laser 

pulse and 1 ms gate width. The fourth-order UC emission of Er at 400 nm (2P3/2 → 4I13/2), 427 nm (4G7/2 → 4I11/2) and 468 nm 

(2G7/2 → 4I13/2; 2P3/2 → 4I11/2) and Gd (6P7/2-8S7/2) emissions denoted with red font in the Figure.  
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Figure S5. Excitation spectra of Er and Gd emissions in NaYF4:Yb, Er@NaYF4 (b) . The monitored emissions are denoted in the 

Figure.  
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Figure S6. Comparison between Er emission decays at 540 (2S3/2-4I15/2) and 660 nm (4F9/2-4I15/2) measured under Gd (273.1 nm, 
8S7/2-6I7/2) and direct Er absorption at 518 and 645 nm (corresponding to 4I15/2-2H11/2 and 4I15/2-4F9/2 absorption transitions). 

The Gd emission decay is also included (excitation at 273.1 nm, emission at 311 nm) from NaGdF4: Yb, Er@NaYF4 and 

NaGdF4@NaYF4 for comparison with the Er emission at 380 nm (4G11/2-4I15/2). The average decay times, τav, with an error of 

±0.005 ms) are included on the Figure.  
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Figure S7. Evolution of Er UC emission decays of NaYF4:Yb, Er@NaYF4 and NaGdF4:Yb, Er@NaYF4 monitored at 410 (2H9/2-
4I15/2), 540 (2H11/2, 4S3/2 – 4I15/2) and 660 nm (4F9/2-4I15/2) with energy density. Energy density varied from 15 to 600 mJ/cm2, and 

excitation was performed at 976 nm. The emission decays are identical to those in Fig 6 but represented in a logarithmic Y 

scale.  
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Table S1. The rise and decay times of UC emission for NaGdF4:Yb, Er@NaYF4 (±0.003 ms) and NaYF4:Yb, Er@NaYF4 (±0.005 

ms) are estimated as the single exponential fit from Figure 6. The fitting ranges were defined as follows: the rise time was 

fitted from the initial delay time to the delay of the maximum intensity, while the decay time was fitted from 95% of the 

maximum intensity until it dropped to the noise level defined. 

NaYF4:Yb, Er@NaYF4 

λem= 410 nm 410 nm 540 nm 540 nm 650 nm 650 nm 

Energy density 

(mJ/cm2) 

rise  

(10-3ms) 

decay  

(10-3ms) 

rise  

(10-3ms) 

decay  

(10-3ms) 

rise  

(10-3ms) 

decay  

(10-3ms) 

15 19 99 11.9 184 42.4 324 

28 18 98 10.4 187 33.2 310 

55 15 97 85 188 26.9 300 

101 12 96 6.5 196 18 288 

155 9 97 4.9 207 14.1 273 

201 8.8 95 4.1 218 12.4 271 

309 7 94.8 3.2 226 94 259 

404 6.6 88.6 2.4 235 77 254 

485 6.1 88.4 2.35 225 67 256 

560 5.5 88.3 2.3 214 56 257 

NaGdF4:Yb, Er@NaYF4 

λem= 410 nm 410 nm 540 nm 540 nm 650 nm 650 nm 

Energy density 

(mJ/cm2) 

rise  

(10-3ms) 

decay  

(10-3ms) 

rise  

(10-3ms) 

decay  

(10-3ms) 

rise  

(10-3ms) 

decay  

(10-3ms) 

51 18 34 5.8 56 32.5 105.6 

80 17 36 5.5 58 27.1 104.7 

102 14.5 36.3 4.9 59.9 24.1 105.9 

147 12.5 38.3 4.6 62.1 22.2 104 

210 12.9 38.5 4.1 65.6 18.3 106 

300 11 42 3.4 74.4 14.3 109 

406 10 43.8 2.8 80.3 13.3 114 

491 9.8 46.6 2.5 88.2 11.7 118.8 

588 9.7 49.3 2.1 95.5 10 123.5 
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Figure S8. The average decay times of Er UC emission in NaGdF4:Yb, Er@NaYF4 (±0.003 ms) and NaYF4:Yb, Er@NaYF4 (±0.005 

ms) calculated as the integrated area of the normalized emission decays.  
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Table S2. The average decay times of UC emission for NaGdF4:Yb, Er@NaYF4 (±0.003 ms) and NaYF4:Yb, Er@NaYF4 (±0.005 

ms) were calculated as the integrated area of the normalised emission decays. 

NaYF4:Yb, Er@NaYF4 

Energy density 

(mJ/cm2) 

λem=410 nm 

(10-3 ms) 

λem=540 nm 

(10-3 ms) 

λem=660 nm 

(10-3 ms) 

15 147 242 428 

28 142 244 405 

55 135 244 389 

101 131 249 371 

155 130 262 342 

201 127 270 336 

309 125 284 313 

404 117 295 302 

560 115 272 300 

 

NaGdF4:Yb, Er@NaYF4 

Energy density 

(mJ/cm2) 

λem=410 nm 

(10-3 ms) 

λem5410 nm 

(10-3 ms) 

λem=660 nm 

(10-3 ms) 

28 -- 82.8 -- 

51 63 79 150 

80 62 80 151 

102 63 83 148 

147 62 84.8 150 

210 62 87.6 149 

300 67 96.6 152 

406 68 104 154 

588 72 120 161 
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Figure S9. Comparison between Gd (6P7/2- 8S7/2 at 311 nm), Yb (2F5/2 – 2F7/2 at 1005 nm) and Er (4I13/2 – 4I15/2 at 1530 nm) 

emission decays under direct excitation at 273.1, 976 and 1490 nm, respectively.  

 

The emission decays were fitted using an exponential tail fit obtaining the decay times: 6.2 ms for Gd (6P7/2- 8S7/2 at 311 nm), 

0.17 ms for Yb (2F5/2 – 2F7/2 at 1005 nm) and 1 ms for Er (4I13/2 – 4I15/2 at 1530 nm). The Gd emission decay displays a fast and 

long component, with the fast component determined by the Gd-Er energy transfer 4-8. 
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Figure S10. TEM image and XRD of NaGdF4:Yb, Tm@NaYF4 nanoparticles after decapping.  

 

The water-dispersed NaGdF4:Yb, Tm@NaYF4 nanoparticles present a hexagonal phase and similar size of 18 nm to NaGdF4:Yb, 

Er@NaYF4.  
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Figure S11 Upconversion emission spectrum of NaGdF4:Yb, Tm@NaYF4 upon 976 nm excitation at an energy density of 600 

mJ/cm2 (left panel). Schematic representation of the upconversion processes of NaGdF4:Yb, Tm@NaYF4 9, 10. The emission 

spectrum was measured at 0.1 µs delay after laser pulse and with 5 ms gate width.  

 

Excitation into Yb absorption at 976 nm populates the 2F5/2 level from 2F7/2. Tm levels are populated following energy transfer 

from Yb up to 5 energy transfer upconversion (ETU) steps, Yb 2F5/2 → Tm 3H5, 3F2, 1G4, 1D2 and 1I6, respectively. Gd is then 

populated by energy transfer from Tm 1I6 to Gd 6P7/2 (Figure S4) 11. The upconversion emission spectra of NaGdF4:Yb, 

Tm@NaYF4 present the characteristic Tm and Gd emission bands: 1G4-3H6 at 475 nm, 1D2-3F4 at 450 nm, 1D2-3H6 at 365 nm, 
3P0-3H5 at 345 nm and 6P7/2-8S7/2 (Gd) at 311 nm11.  
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Figure S12. Power density dependencies of Er blue (410 nm), green (540 nm), and red (660 nm) UC emissions in NaGdF4:Yb, 

Er@NaYF4 and NaYF4:Yb, Er@NaYF4 upon laser diode excitation at 973 nm. Power density varied between ~ 0.26 and 1.5x104 

W/cm2. The laser diode is modulated with 1 ms pulse (square signal) at a 500 Hz frequency to diminish the laser heating effect 
12. The UC emission is monitored within the excitation pulse by use of 500 accumulations per emission spectrum.  

 

The slopes of the power density agree with previous reports 13, 14. The inflexion point, defined as the power density at which 

slopes diminish by ~20%, is greater, by a factor of 1.8, in NaGdF4:Yb, Er@NaYF4 compared to NaYF4:Yb, Er@NaYF4 (1.7 × 104 

W/cm2 compared to 0.95 × 104 W/cm2). Notably, the four-order upconversion emission of Er was not detected in either 

nanoparticle while the characteristic emission of Gd at 311 nm was absent in the NaGdF4:Yb, Er@NaYF4.  
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