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Synthesis of β-NaYF4 core NC doped with Er3+ and/or Yb3+ and corresponding core/shell NC 

 

Rare-earth oleates. Rare-earth oleates were prepared according to a published procedure.[1] Briefly, 60 mmol of the rare-

earth chloride were dissolved in 90 mL of water, then 54,8 g of sodium oleate, 120 mL of ethanol and 210 mL of n-hexane 

were added. The mixture was heated at a Schlenk-line under nitrogen atmosphere. After stirring under reflux at 

approximately 59 °C for 14 hours the solution was cooled to room temperature. The upper organic phase containing the 

oleates was separated and the solvent (hexane) removed with a rotary evaporator. The rare-earth oleate obtained as waxy 

solids were stored in a refrigerator. 

For the synthesis of the co-doped particles, mixed rare-earth oleates were prepared. For UCNC co-doped with 20 % Yb and 

2 % Er (UCNC), for instance, 46.8 mmol YCl3, 12.0 mmol YbCl3 and 1.2 mmol ErCl3 were used. In an analogous way 

mixed rare-earth oleates were prepared for the synthesis of the particles containing only 20 % Yb (YbNC) or 2 % Er (ErNC).  

 

Synthesis of α–NaYF4 shell material. For shell growth, α–NaYF4 precursor particles were used as previously described.[2] 

Therefore, sodium oleate and yttrium oleate in a molar ratio of 2:1 were dissolved in oleic acid and octadecene (10 mL of 

each solvent per mmol of yttrium oleate) by heating the mixture at 100 °C under vacuum (< 0.1 mbar) for 60 minutes. After 

this dissolution and degassing step, 5 mmol of solid NH4F per one mmol of yttrium oleate were added at 100 °C under weak 

nitrogen flow. To remove air, the reaction vessel was subjected three times to a short vacuum (3-5 sec.) and refilled with 

nitrogen. Then, the mixture was heated to 200 °C with a heating rate of 10 °C/min and kept at this temperature for 1 h. After 

cooling to room temperature, NaF formed as by-product was removed by centrifugation. The nanoparticles were 

precipitated from the supernatant by adding an equal volume of ethanol and separated by centrifugation. For further 

purification, the precipitate was re-dispersed in hexane and precipitated with ethanol. The particles then were separated 

again by centrifugation and were dried at room-temperature for 24 hours before use.  

 

Synthesis of β-NaYF4 core particles for core/shell (Yb,Er doping, Yb doping, Er doping). For the synthesis of 6-7 nm 

β-NaYF4:Yb and β-NaYF4:Yb,Er core particles a molar ratio of 8:1:11 Na:RE:F was used.[2, 3] Therefore 7.5 mmol of the  
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doped rare-earth oleate and 60 mmol of sodium oleate were combined with 75 mL of oleic acid and 75 mL octadecene. The 

vigorously stirred mixture was degassed for 1 h at 100 °C under vacuum (<0.1 mbar). After switching to nitrogen flow, 82.5 

mmol NH4F were added to the solution without changing the temperature. To remove air, the vessel was subjected three 

times to a short vacuum (3-5 sec.) and refilled with nitrogen. The reaction mixture was then heated to 300 °C with a heating 

rate of 10 °C/min and kept at this temperature for 40 minutes when 20 % Yb single-doped oleate was used, respectively 30 

minutes for 20 % Yb, 2 % Er co-doped or 2 % Er single-doped oleate were used. After cooling to room temperature, the 

resulting suspension was centrifuged to remove by-products such as NaF. The particles were then precipitated by adding 

ethanol to the supernatant. Purification of the particles was carried out as described above for the α-NaYF4 particles. 

To obtain larger particles, the Na:RE:F ratio was altered to values such as 5:1:8 or 1.5:1:4.5 as described previously. [3] In 

all cases, 7.5 mmol of the doped rare earth oleate was used.  

 

Synthesis of core/shell particles. For the synthesis of the core/shell particles with different shell thickness, doped β-NaYF4 

core particles and undoped α-NaYF4 particles, serving as precursor for the shell, were combined in different molar ratios 

ranging from 1:0.75 to 1:9 (core:shell).  

Core/shell particles consisting of a 6-7 nm core particle with a 3-4 nm thick shell, for instance, were prepared by using core 

and shell material in a molar ratio of 1:7. Thus, 0.5 mmol of the doped 6-7 nm β-NaYF4 core-material and 3.5 mmol of the 

α–NaYF4 shell material were dissolved in 8 mL oleic acid and 8 mL octadecene. The stirred mixture was degassed for 1 

hour at 100 °C and vacuum (<0.1 mbar). With a rate of 16 °C/min, the vessel was heated to 300 °C under nitrogen 

atmosphere and kept at this temperature for 2 hours. After cooling to room temperature, the core/shell particles were 

isolated und purified as described above for α-NaYF4 and β-NaYF4 particles.  

Core/shell particles composed of a 6-7 nm core particle and a thinner shell of only 1 nm thickness were prepared by 

employing 6-7 nm β-NaYF4 and α-NaYF4 particles in a molar ratio of 1:2,4. After dissolving 1.0 mmol of the doped β-

NaYF4 core-material and 2.4 mmol of the α-NaYF4 shell material in 6.8 mL oleic acid and 6.8 mL octadecene, the same 

procedure was applied as for the 1:7 ratio, except for the reaction time at 300 °C which was reduced to 50 minutes. 

 

 

Figure S1 TEM Images of the UCNCs with different sizes d and shell thicknesses dS used in this study. a) d  = 7 nm b) d = 7 nm, 

dS = 1 nm c) d = 7 nm, dS = 3 nm d) d = 10 nm e) d = 14 nm f) d = 18 nm, and g) d = 30 nm. 
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Figure S2 TEM Images of the ErNCs with different sizes d and shell thicknesses dS used in this study. a) d  = 7 nm b) d = 7 nm, 

dS = 1 nm c) d = 7 nm, dS = 3 nm d) d = 10 nm, e) d = 15 nm, f) d = 20 nm, and g) d = 28 nm. 

 

 

 

 

 

Figure S3 TEM Images of the YbNCs with different sizes d and shell thicknesses dS used in this study. a) d = 7 nm b) d = 7 nm, 

dS = 1 nm c) d = 7 nm, dS = 3 nm, d) d = 12 nm, e) d = 22 nm, f) d = 38 nm, and g) d = 52 nm. 
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We determined the molar concentrations of Er3+, Yb3+, and Y3+ in the core-shell particles from ICP-OES 
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measurements performed by Janina Roik and Elina Andresen.  

From the amounts of Er3+, Yb3+, and Y3+ ions in the entire particle, 𝑁𝐸𝑟 , 𝑁𝑌𝑏 und 𝑁𝑌, and the volume of the 

entire particle, 𝑉𝑡𝑜𝑡 , as well as the volume of the core particles, 𝑉𝑐𝑜𝑟𝑒 , which are both determined by TEM 

measurements, the amount of lanthanide ions in the core is calculated according to eq. (S1). 

𝑁𝐿𝑛,𝑐𝑜𝑟𝑒 = (𝑁𝐸𝑟 + 𝑁𝑌𝑏 + 𝑁𝑌) ∙  
𝑉𝑐𝑜𝑟𝑒

𝑉𝑡𝑜𝑡
        eq. (S1) 

 

The amount of Er3+ in the core (given in mol%) is determined as follows: 

%𝐸𝑟 =  
𝑁𝐸𝑟

𝑁𝐿𝑛,𝑐𝑜𝑟𝑒
=  

𝑁𝐸𝑟

𝑁𝐸𝑟 + 𝑁𝑌𝑏 + 𝑁𝑌
 ∙  

𝑉𝑡𝑜𝑡

𝑉𝑐𝑜𝑟𝑒
      eq. (S2) 

 

The amount of Yb3+ in the core (given in mol%) is determined analogously: 

%𝑌𝑏 =
𝑁𝑌𝑏

𝑁𝐿𝑛,𝑐𝑜𝑟𝑒
=  

𝑁𝑌𝑏

𝑁𝐸𝑟 + 𝑁𝑌𝑏 + 𝑁𝑌
 ∙  

𝑉𝑡𝑜𝑡

𝑉𝑐𝑜𝑟𝑒
    eq. (S3) 

 

The results given in Table (S1) include uncertainties computed using Gaussian error propagation. Since this 

calculation includes the size measurements, the measurement uncertainties of which exceed those of the ICP-

OES measurements, the final results reveal relatively large uncertainties. As these results are merely 

complementary measurements to the straightforward ICP-OES results obtained for the core-only particles, they 

can be regarded as a confirmation of the expected dopant concentrations, as the desired Er3+ and/or Yb3+ doping 

concentrations of 2% and 20% mostly match with these concentrations when considering the experimentally 

obtained measurement uncertainties.  

 
Determination of the total ion numbers 

For every sample, the size was determined from TEM images (see Fig. S1-S3) and the statistical uncertainty is resulting 

from an average over several (hundreds of) particles. Using Eq.’s. (S4)[4] and (S5), the number of ions in the active core 

was determined, assuming doping concentrations of 20 % Yb3+ and 2 % Er3+ (not measured).  

 

𝑉𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 =  2 ·  
√3

4
· 𝑎2 · 𝑐   eq. (S4) 

 

𝑁𝑖𝑜𝑛𝑠 = 1.5 · 𝑉𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙  · 𝑐𝐼𝑜𝑛𝑠 · 𝑁𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠  eq. (S5) 

 

In Eq. (S4), the volume of one unit cell, Vunit cell, is determined using the lattice parameters a and c for the hexagonal lattice 

structure of β-NaYF4 (a = 5.96 Å, c = 3.53 Å)[4]. In Eq. (S5), the number of active ions in the core, Nions, is determined, 

where cIons is the doping concentration of active ions in the core (2 % for Er3+, 20 % for Yb3+) and Nunit cells denotes the 

number of unit cells in the core, which is obtained by dividing the volume of the core (assuming a spherical particle) by Vunit 

cell. The uncertainties stem from the size distributions of the particles in the TEM images.  

 

Table S2 Overview of selected co-doped (UCNC) and single-doped (ErNC, YbNC) particles used in this study. The 

diameter of the sample (d) is given as well as the total number of Er3+ (NEr3+) and Yb3+ ions (NYb3+), determined using 

equations eq. (S4) and eq. (S5). To illustrate how drastic the numbers of sensitizer and activator ions differ for particles of 

different sizes, we display mean Yb3+ and Er3+ ion numbers for particles of different sizes. The uncertainties are propagated 

from the standard deviations of the size determination from TEM images. 
 

Doping d (nm) NEr3+  NYb3+ 

20 % Yb, 2 % Er 7.1 ± 0.9 52 ± 20 520 ± 200 

20 % Yb, 2 % Er 18 ± 1 840 ± 140 8400 ± 1400 

20 % Yb, 2 % Er 30 ± 2 3900 ± 800 39000 ± 8000 

2 % Er 7.3 ± 0.6 56 ± 14 - 

2 % Er 19.7 ± 0.8 1110 ± 130 - 

2 % Er 28 ± 2 3200 ± 700 - 

20 % Yb 6.6 ± 0.4 - 420 ± 80 

20 % Yb 51.9 ± 2.3 - 202000 ± 27000 
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τ

Construction of the Simulation Model 

Construction of the lattice: The particle radius R is an additional parameter in the script. Since the real particles are hexagonal, the 

total ion number inside the real particles differs from the total ion number in a cubic particle of identical size. To consider this 

difference, the ion number in the real particle is determined using equations Eq. (S4) and Eq. (S5) and a spherical particle with a 

cubic host lattice containing this ion number is constructed. The model only takes Yb3+ and Er3+ ions into account and assumes 
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equal spacing between nearest neighbors within the particle. The ions inside the particle are Yb3+ and Er3+ ions randomly 

distributed with a ratio of 10 to 1, according to the doping concentration of 20 % Yb3+ ions and 2 % Er3+ ions used.  

Zuo et al.[5] gave a very detailed explanation of the determination of the simulation parameters. As we utilized all relevant 

parameters from this publication, no additional explanations are provided. The surface quenching rate is adopted from Zuo et al.[5] 

as well, but since our particles are constructed spherically, the influence of the surface on the UC processes in the particle should 

be different, as interactions only occur between nearest neighbors. In order to tune surface quenching, the surface quenching rate is 

multiplied by a factor Q, ranging from 0 to 1. Here, a value of zero corresponds to perfect surface passivation and shielding (no 

surface quenching), which mimicks a perfect inert (sufficiently thick) surface shell.  

Steps in the model 

At the beginning of every simulation, the host lattice of the particle is constructed, the active lanthanide ions are randomly 

distributed, here with ratio of 10/1 for Yb/Er, and every ion is in the electronic ground state. For each time step of 2 μs, every ion 

can absorb a photon with a certain probability, which depends on the ion type and the incident excitation power density, and the 

Ln3+ ions in excited states can undergo energy transfer or radiative relaxation. After every ion has been successively scanned, the 

next time step repeats this iteration, until the sum of the time steps equals the total measurement time of 3 s, which corresponds to 

1.5 million iterations over the entire particle. For further explanations of the pump absorption and energy transfer processes in the 

simulation we refer to the work by Zuo et al[5]..  
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With the above simplifications, we can simulate the green/red relative emission intensities of the small unshelled UCNCs (7 nm), 

large unshelled UCNCs (30 nm), and the bulk material, by merely adjusting the radiative rates for the emissive levels of Er3+ and 

Yb3+, derived from measurements with ErNC and YbNC. The reciprocal of the measured lifetime is used as radiative rate.  

Figure S16 (left panel) displays the relative emission intensities with the radiative rates of unshelled small UCNCs, larger UCNCs 

and bulk materials, under perfect conditions (no surface quenching, Q = 0) and using R = 15 nm. The radiative rates, obtained 

from time-resolved measurements, can accurately predict the P-dependent UC behavior, experimentally obtained from 

wavelength-resolved UCL measurements.  

Next, the model is assessed regarding its potential to model surface quenching. Therefore, the quenching rate from Zuo et al.[5] is 

incorporated into the model and multiplied by an additional factor Q, varying between 0 and 1, to tune the degree of surface 

quenching, for example for thin shells, incomplete shells, or core-shell systems with lattice defects at the boundary surface. When 

increasing the quenching to 100 % (Q = 1), the red (i.e. three-photonic) emission almost vanishes (Fig. S16 right) with increasing 

quenching efficiency, three-photonic processes become more and more unlikely. Please note that our model only considers one 

type of quenching, where the excitation energy is deleted. Other mechanisms of UCL quenching exist, as discussed in the MS 

(section: Luminescence decay dynamics of differently sized core and core/shell YbNC and ErNC compared to single doped bulk 

materials) but they are not included in this model.  

 
Figure S17 Mean excitation pathlengths of excitation inside the simulated particles. (a) Mean excitation pathlengths for 30 nm UCNCs with quenching 

rates varying from Q = 0 (no quenching) to Q = 1 (100 % of the quenching rate of Zuo et al.[5]), obtained with our random walk model with radiative rates 
of 30 nm UCNC. (b) Mean excitation pathlengths for 30 nm UCNCs, obtained with our random walk model using radiative rates of 7 nm UCNCs (purple), 

30 nm UCNCs (green), and bulk powder (red). 
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The unquenched system experiences a strong dependence on excitation power density (190 nm at 10 W/cm2, 160 nm at 300 W/cm2 

(Figure S17a)), while the fully quenched system yields an average pathlength of 55 nm for excitation power densities of 10 W/cm2 

to 300 W/cm2. This value is in the same range as the particle size of 30 nm. Since the energy does not move in a specific direction, 

but can travel randomly like in a diffusion process, it is straightforward to conclude that once a quenching center at the surface is 

reached, the excitation is immediately quenched, and processes like emission are suppressed. While the fully-quenched system is 

P-independent due to the dominant quenching process, the unquenched system shows a P dependence, with shorter mean 

pathlengths for higher P, most likely due to the higher probability of multiphotonic excitation of an Er3+ ion when there is 

generally a higher number of excited ions present in the particle lattice. Extrapolating from Fig. S17(a), a drastic decrease of the 

mean excitation pathlength can be expected for very higher P. This explains why surface quenching does not play a significant 

role in e.g. single-particle measurements using confocal microscopes done at very high P. 

The almost 5 x higher mean excitation pathlengths resulting for bulk radiative rates ( Fig. S17b) illustrates why the bulk material is 

so efficient, especially at low P[7], because if the excitation can travel very far, it is likely that it can eventually reach an Er3+ ion 

in a higher excited state.  

In our simulated 30 nm particle, the excitation can travel through the entire particle – several times even, if the surface passivation 

is good enough to prevent surface quenching; as a consequence, the number of excited states present at the same time, within one 

particle, determines how likely two- and three-photonic processes are. This is illustrated in Fig. S18, where three different sets of 

experimentally obtained radiative rates (“7 nm core unshelled UCNC”, “30 nm core unshelled UCNC”, UC-Bulk) are used to 

simulate the excitation dynamics in UCNC of five different sizes. For each set of radiative rates, there is a significant difference 

with respect to particle size. The same is true for the resulting relative emission curves depicted in Fig. S19. 
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