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Material considerations for achieving upconverted red emission dominated by three-photon excitation at low excitation densities
The complete three-photon excitation (n = 3) of red upconversion has been observed only at extremely low temperature (5 K), limiting its utility and impact.1 As mentioned in the main text, three key points including: (1) the host with low phonon energy; (2) high doping concentration of Yb3+; (3) weak or no concentration quenching of Yb3+ are combined to achieve efficient three-photon excitation for the red emission under low intensity excitation at room temperature. 
The first point considers the matters needing attention in the selection of host materials. The YF3 has a low phonon energy (compared with oxides) and the minimum average distance between rare earth lattice sites among rare earth fluorides thanks to the absence of alkali or alkaline earth metals (compared with NaYF4, etc.). The low phonon energy will inhibit MPR processes in route I & II and increase the contribution of route III & IV for the excitation of red upconversion. The small rare earth lattice distance will accelerate the energy transfer and energy back transfer (ET41, ET53) rates between the Yb3+ and Er3+ ions, accompanied by the nonlinear order n of red emission in YF3 can stabilize within 2.71 and 2.81 close to 3 for Yb3+ concentration ≥ 30% (Fig. 1d).
The second point considers the influence of doping concentration. It is well known that energy transfer rate heavily depends on the distance between Ln3+ ions. How to generate high concentration of excited Yb3+ ions is the key to the realization of efficient multi-photon upconversion. At low excitation densities, high doping level of Yb3+ could achieve a large number of excited Yb3+ population the same as the condition of low Yb3+ concentration under high power excitation, if concentration quenching of Yb3+ is weak or missing. Hence, based on the revisiting of four excitation mechanisms (Fig. 1a), high Yb3+ concentration is beneficial to increase the energy transfer and energy back transfer (ET41, ET53) rates between the Yb3+ and Er3+ ions. We just need to consider how to avoid concentration quenching as much as possible.
The third point considers the effect of concentration quenching on luminescence properties. The difference in mechanism and properties of materials with the same nominal composition is usually affected by the defect center or impurities.2 The low quality fluoride materials may contain the defects such as oxygen impurities, fluoride vacancies, which will enhance the MPR probability or quench Yb3+ emission, and limit three-photon excitation of red upconversion. Especially for the sample with high concentration of Yb3+ doping, trace defects will also become obvious due to rapid energy migration among Yb3+ and quench Yb3+ emission as well as the whole upconversion emissions. On the contrary, high quality fluoride materials with elaborately designed deoxygenation technique can minimize MPR rate and suppress concentration quenching of Yb3+.



Upconversion mechanism in the Er3+-Yb3+ system
In addition to route III and IV noted in the main text, there is another mechanism called energy-looping that can increase the nonlinear order n of red upconversion luminescence.3,4 Energy-looping begins with a single ground state absorption (GSA) event. Subsequently, a strong excited state absorption (ESA) occurs, followed by a cross-relaxation (CR) process that makes two ions populated to the intermediate state. These two ions can absorb two more photons and finally generate four ions in the intermediate state. Each iteration of the loop doubles the population of the intermediate state.4-6 Therefore, this is a positive feedback loop and will nonlinear amplify the population of the intermediate excited state. The excitation mechanism of our work is not the energy-looping for three reasons. 
First, there is no closed loop feedback path (Fig. 1a). In route III, the ET41 process makes Er3+ and Yb3+ ions result in the 4I13/2 and 2F5/2 levels, respectively. The excited Yb3+ ion then transfers its energy to another Er3+ ion in the ground state, and makes this Er3+ ion excited to the 4I11/2 level. The net effect of the ET41 is the production of two excited Er3+ ions, but in different intermediate states (4I13/2 and 4I11/2). The same reason also applies to route IV, in which intermediate states are 4F9/2 and 4I11/2, respectively. That is to say, route III and IV are unclosed loops, which can’t create a positive feedback, and, therefore, are not energy-looping mechanism. 
Second, the energy-looping mechanism dominates upconversion usually in the case of a weak GSA and a strong ESA, with the ratio of GSA rate to ESA rate (RGSA/RESA) lies within the value where 10-4 < RGSA/RESA < 1.4,5 Hence, the energy-looping mechanism is usually achieved by non-resonant GSA and resonant ESA5 or under high intensity excitation.3 However, we use a resonant excitation source (980 nm) with exciting at low intensity (< 100 mW cm-2). We also believe that, under the experimental condition in this work, the rate ratio of second step energy transfer (Yb3+ 2F5/2 + Er3+ 4I11/2  Yb3+ 2F7/2 + Er3+ 4F7/2) to first step energy transfer (Yb3+ 2F5/2 + Er3+ 4I15/2  Yb3+ 2F7/2 + Er3+ 4I11/2) doesn’t satisfy the ratio value range from 10-4 to 1. 
Third and last, a power threshold, above which a large nonlinear increase in excited-state population and emission is observed, needs to be met before the increase in the n of the power dependence.3-5 However, in this work, there is no threshold for the increase in the n of red emission and the n has always been about 2.81 (80%Yb3+) for the whole excitation intensity range (Fig. 1c). Besides, the n value of green upconversion in this work is close to 2 (Fig. 1c), which doesn’t show an increasing trend like the nonlinear order of red emission if energy-looping mechanism dominants the upconversion.3 The critical excitation intensity (Pc) of the three-photon process, that we defined in this work, is a power intensity at which two- and three-photon processes contribute to the red emission equally rather than a point where the nonlinear suddenly increases.
Therefore, in this work, the excitation mechanism of red emission is the typical energy transfer upconversion (ETU) mechanism and the increased slope of red upconversion from 2 to 3 derives from highly efficient three-photon excitation processes.


Structural characterization
[image: ]
Fig. S1 The XRD patterns of deoxygenated YF3, ordinary YF3  and NaYF4 with typical doping concentration as well as standard cards of YF3, YbF3 and NaYF4. 


Calibration of excitation power intensity
The laser is homogenized by diffuse reflection method. The laser power is measured by a laser power meter (Thorlabs) and the beam profile is detected by a Pyrocam IV beam profiling camera (Spiricon). The homogenized laser beam can be approximately considered as having a top hat profile. Here, we define the full width at half maxima (FWHM) as the diameter of cross section area of the excitation laser and thus, the excitation power intensity is calculated. In Fig. S2, the diameter of cross section area is about 5.6 mm.
[image: ]
Fig. S2 Schematic representation of the diffuse reflection method setup used to homogenize the laser spot. 




Spectral experimental data 
[image: ]
Fig. S3 The normalized UCL spectra of the deoxygenated YF3:xYb/2%Er (x = 0.1~0.98) upon 980 nm excitation with different excitation power densities. 
[image: ]
Fig. S4 The normalized NIR emission spectra of the deoxygenated YF3:xYb/2%Er (x = 0.1~0.98) upon 980 nm excitation with different excitation power densities.
[image: ]
Fig. S5 The Normalized PL spectra of the deoxygenated YF3:xYb/2%Er (x = 0.1~0.98) excited by xenon lamp.
[image: ]
Fig. S6 Dependence of ratio RUCL on excitation intensity in the deoxygenated YF3:xYb/2%Er (x = 0.1~0.98). All the data are normalized at excitation intensity approaching zero according to the results of linear fitting (red solid lines).
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Fig. S7 Dependence of Q on excitation intensity in the deoxygenated YF3:xYb/2%Er (x = 0.1~0.98). All the data are normalized at excitation intensity approaching zero according to the results of linear fitting (red solid lines).
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Fig. S8 (a) The contribution ratio of route I and route II to the two-photon excitation for various Yb3+ concentrations (x). (b) The contribution ratio of route III and route IV to the three-photon excitation for various Yb3+ concentrations (x).
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Fig. S9 The individual contribution of four excitation routes to the excitation of red emission for various Yb3+ concentrations (x). 
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Fig. S10 Fluorescence decay curves of Er3+ 4S3/2 level in the deoxygenated YF3 and ordinary YF3, respectively. 
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Fig. S11 Fluorescence decay curves of Yb3+ 2F5/2 level in the deoxygenated YF3 and ordinary YF3, respectively. 
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Fig. S12 Variation of emission intensity with Yb3+ concentration for Yb3+ 2F5/2 → 2F7/2 transitions in the deoxygenated YF3 and ordinary YF3 upon 980 nm LD excitation at 50 mW cm-2.
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Fig. S13 The normalized NIR emission spectra of the deoxygenated YF3 and ordinary YF3 upon 980 nm LD excitation at 12 mW cm-2.

Modeling based on steady state rate equations
The scheme of populating and depopulating processes is simplified by assuming that 4I9/2, 4F7/2 and 2G/2K can rapidly relax down to their respective lower levels by multi-phonon relaxation (MPR) due to small energy gaps. There is no MPR process from 4I13/2 level to 4I15/2 level due to the large energy gap ~6500 cm-1, which requires more than 15 phonons to match the energy mismatch. The energy migration among Yb3+ ions is assumed to be infinitely faster compared with energy transfer process because of low excitation intensity (low upconversion rate), so that a macroscopic average rate of energy transfer can be used to set rate equations.7 Besides, the depopulating term from 4F9/2 → 2H9/2 transition is considered as small perturbations of downward decays of 4F9/2 level at low upconversion rate. Under continuous wave (CW) laser excitation at 980 nm, a set of steady state rate equations are expressed below:
       (S1)
      (S2)
                    (S3)
               (S4)
                                (S5)
                                            (S6)
where ni and mi is the population of energy level i (see Fig.1a) of Er3+ and Yb3+, respectively, in which n0 and m0 can be treated as the doping concentration of Er3+ and Yb3+, respectively. γij is the radiative rate from level i to level j of Er3+.γi is the total radiative rate of level i of Er3+. wij is the rate of MPR from level i to j of Er3+. wi is the total rate of MPR from level i of Er3+. kij is the rate coefficient for Yb3+-Er3+ energy transfer, in both forward and back directions, resulting in transition from level i to level j of Er3+. Cij is the rate coefficient for cross-relaxation (CR) between Er3+ ions, resulting in transition from level i to level j of Er3+. Under the assumption of fast thermal-coupling8-10 between Er3+ 4I11/2 and Yb3+ 2F5/2 levels due to their small energy difference (27 cm-1),11 the rates of reversible energy transfer between the two levels should be much faster than other decay rates and we simply have the Eq. (S2). For simplifying the analysis, the 2H11/2 and 4S3/2 are treated as the same level denoted by level 4 because they are thermally coupled at room temperature. 
The combination of Eq. (S1) and (S6) gives:
(S7) 
                                                                                         (S8)
with
    (S9)
   (S10)
  (S11)
   (S12)
At low excitation densities, the population of excited Yb3+, is proportional to excitation intensity, P,  
              (S13)
where A is absorptivity of sample at 980 nm, d is the sample thickness,  and  is the emission lifetime and quantum efficiency of Yb3+ emission, respectively.  is the photon energy for 980 nm light. Here we define an equivalent rate, X21, of relaxation from Er3+ 4I11/2 to Er3+ 4I13/2 as:
                                          (S14)
where the term  is the contribution of energy transfer from Yb3+ 2F5/2 to Er3+ 4I13/2 as indicated by an asterisk in Fig.1a. We rewrite Eq. (S7) and Eq. (S8) as 
                                                    (S15)
                     (S16)
with
            (S17)
               (S18)
               (S19)
           (S20)
where η41 and η53 is the efficiency of relaxation from Er3+ 4S3/2 to Er3+ 4I13/2 and from Er3+ 4G11/2 to Er3+ 4F9/2, respectively. a and b are coefficients for three-photon excitation of the red emission in route III and route IV, respectively. Using Eq.(S17) and (S18), we have
   (S21)
Here we denote the intensity ratio of 4I13/2 → 4I15/2 band to 2F5/2 → 2F7/2 band by Q, then
       (S22)
Using Eq. (S15) and Eq. (S22), Q can be expressed as
       (S23)
with
    (S24)
where, Q0 is the ratio Q at excitation intensity approaching zero.
The red-to-green emission intensity ratio in UCL spectra, RUCL, can be obtained using Eq. (S16)
   (S25)
When P = 0 mW cm-2, the Eq. (S25) becomes
               (S26)
where  is ratio  at excitation intenstiy approaching zero. The first term on the right side of Eq. (S25) is contributed from 4S3/2  4F9/2 MPR, and it is equal to the red-to-green emission intensity ratio in PL spectra
                                                                                (S27)
The combination of Eq. (S25), (S26) and (S27) gives the normalized 
                                                                    (S28)
with 
                                              (S29) 
where a and b are considered to be unchanged for low excitation densities (<100 mW cm-2). The detailed calculation values for samples with different Yb3+ concentrations are listed in Table S1. 


Table S1. The detailed values for deoxygenated YF3:xYb/2%Er (x = 0.1~0.98).  
	xYb/2%Er
	
	
	
(mW-1 cm2)
	
(mW-1 cm2)
	a+b
(mW-1 cm2)

	10%Yb
	0.6940
	0.3060
	0.00787
	0.00252
	0.01039

	15%Yb
	0.6793
	0.3207
	0.02099
	0.02826
	0.04925

	20%Yb
	0.5507
	0.4493
	0.02009
	0.05535
	0.07544

	30%Yb
	0.4872
	0.5128
	0.02569
	0.16168
	0.18737

	40%Yb
	0.2761
	0.7239
	0.02156
	0.12099
	0.14255

	60%Yb
	0.1912
	0.8088
	0.02587
	0.12824
	0.15411

	80%Yb
	0.1688
	0.8312
	0.03087
	0.14851
	0.17938

	98%Yb
	0.1758
	0.8242
	0.03105
	0.17127
	0.20232


Preconditions for the set of steady state rate equations
The steady state rate equations established above may only be applicable to the situation of low excitation power (< 100 mW cm-2 in this work). It should be noted that, at high power intensity, the energy migration among Yb3+ ions may not be infinitely fast compared with energy transfer process. The energy transfer rate is no longer an average value, but a term related to the distance distribution between sensitizers and activators.7 A new model or method is needed to study luminescence dynamics considering distance-dependent probabilities of energy transfer. Furthermore, some transitions, such as 4F9/2→2H9/2, become important also at high excitation intensity (Fig. S14) and thus, the depopulating terms caused by these transitions should be included in steady state rate equations. 
[image: ]
Fig. S14 (a) The upconversion spectra of the deoxygenated YF3:98%Yb/2%Er. (b) The power dependences of 380 nm and 410 nm emission intensities with various power densities. The inset shows the three-photon and four-photon excitation paths for the 2H9/2 level.


Upconversion Quantum Yield 
We use a commercially spectrophotometer12 (Edinburgh Instruments FLS920) equipped with an integrating sphere to measure the upconversion quantum yield (UCQY) as depicted in the Fig. S15 and S16. The phosphor sample is placed into a two-port integrating sphere (provided by Edinburgh Instruments) with an inner diameter of 4.5 inches. The excitation light is focus by a convex lens at the entry port and irradiates on the phosphor sample holding in a Teflon cuvette. The angle of incidence deviates by 90 degrees to reduce the effect of the first specular reflection. The diffuse laser light and emission light are collected from an exit port orthogonal to the path of excitation beam. A baffle is employed in the middle of the phosphor sample and the exit port to ensure that no diffuse laser light or emission light will be collected before scattering. The diffuse light pass through a metallic neutral filter (1.0 OD) and is measured using the iVac316 CCD camera (Andor) with the spectrometer grating centered at 800 nm for both laser and emission light. An absorptive neutral density filter (transmission at 980 nm is ~1.43%) is used to ensure that the diffuse laser will not saturate the detector. The diffuse emission light is collected after being passed through the 950 nm short-pass filter (Semrock). A semiconductor MDL-III-980-2W laser from Changchun New Industries is used as the excitation source emitting at 977 nm with a power stability of 0.0692% over 4 hours. This system is calibrated via a standard halogen lamp (Ocean Optics, HL-3-INT-CAL, serial Number 089050024). 
The sample is located inside the integrating sphere, so it is difficult to determine the exact area of the laser spot. The laser beam area at the sample position is estimated with the aid of a method of measuring photostimulated luminescence and the schematic representation is shown in the Fig. S17. Here, we use the famous SrAl2O4 persistent phosphor making a phosphor plate and put it under the mercury lamp for 1 minute. Next, we put the phosphor plate, which is exhibiting green afterglow emission, into the Teflon cuvette and put it at the test position inside the integrating sphere. After exciting by 980 nm laser irradiation for a few seconds, the area irradiated by the 980 nm laser will be significantly darker and this darker area is the total excitation area as shown in Fig. S18.
Fig. S19 is the UCQY spectral data for the NaYF4:20%Yb/2%Er and deoxygenated YF3:20%Yb/2%Er under 980 nm laser excitation at 31.8 W cm-2. The commercial YF3 micron powders (Macklin) are selected as the reference and denoted as blank (black line). The effect of Yb3+ emission (green lines) on the calculation of absorption of NIR laser needs to be corrected (Fig. S19e and S19f). The Yb3+ emission spectra (green lines) are obtained through measuring the photoluminescence spectra for the corresponding sample under 523 nm laser excitation. The green and red UCQYs for NaYF4:20%Yb/2%Er and deoxygenated YF3:20%Yb/2%Er, YF3:80%Yb/2%Er with various excitation intensities are depicted in the Fig. S20. 
We test and verify the stability of the UCQY test system. Five different sample preparations for the UCQY test, i.e., loading in the Teflon cuvette, are measured. Besides, one of the sample preparations is measured a total of five times (Trial 1 to Trial 5). The final data are listed in Table S4.

[image: ]
Fig. S15 Schematic of the integrating sphere setup used to measure the UCQY.
[image: ]
Fig. S16 Photos of the experimental setup used to measure the UCQY.



[image: ]
Fig. S17 The schematic representation for estimating the laser beam area at the sample position
[image: ]
Fig. S18 The photograph of a phosphor plate at sample position after irradiating by the 980 nm laser. 

[image: ]
Fig. S19 The UCQY data for the NaYF4:20%Yb/2%Er and the deoxygenated YF3:20%Yb/2%Er at 31.8 W cm-2.
[image: ]
Fig. S20 Excitation power density dependent upconversion quantum yields (UCQYs) of (a) green and (b) red upconversion emissions for NaYF4:20%Yb/2%Er, the deoxygenated YF3:20%Yb/2%Er and YF3:80%Yb/2%Er samples.


Table S2. The UCQY results of NaYF4 and the deoxygenated YF3 samples. 
	Phosphor
	Concentration
	Power density (W cm-2)
	500-600 nm
	600-750 nm
	820-870 nm
	500-870 nm

	NaYF4
	20%Yb/2%Er
	28.8
	2.70%
	2.89%
	0.94%
	6.53%

	YF3
	20%Yb/2%Er
	28.8
	1.37%
	5.76%
	0.53%
	7.66%

	YF3
	80%Yb/2%Er
	28.8
	0.27%
	5.72%
	0.09%
	6.08%





Table S3. The UCQY results of the deoxygenated YF3:xYb/2%Er concentrations under 980 nm excitation at 31.8 W cm-2. 
	xYb/2%Er
	500-600 nm
	600-750 nm
	820-870 nm
	500-870 nm

	10%
	2.59%
	2.48%
	1.01%
	6.08%

	15%
	1.96%
	4.12%
	0.76%
	6.84%

	20%
	1.31%
	5.60%
	0.51%
	7.42%

	30%
	0.78%
	7.05%
	0.28%
	8.11%

	40%
	0.55%
	7.34%
	0.19%
	8.08%

	60%
	0.36%
	6.69%
	0.12%
	7.17%

	80%
	0.26%
	5.60%
	0.09%
	5.95%

	98%
	0.21%
	4.85%
	0.07%
	5.13%





Table S4. Five different sample preparations for the UCQY test at 31.8 W cm-2.
	Phosphor
	Sample preparation 
	Trial
	500-600 nm
	600-750 nm
	820-870 nm
	500-870 nm

	Deoxygenated YF3:20%Yb/2%Er

	a
	1
	1.27%
	5.51%
	0.49%
	7.27%

	
	b
	1
	1.38%
	5.89%
	0.54%
	7.81%

	
	c
	1
	1.31%
	5.48%
	0.50%
	7.29%

	
	d
	1
	1.29%
	5.30%
	0.50%
	7.09%

	
	e
	1
	1.31%
	5.60%
	0.51%
	7.42%

	
	e
	2
	1.36%
	5.66%
	0.52%
	7.54%

	
	e
	3
	1.30%
	5.41%
	0.50%
	7.21%

	
	e
	4
	1.33%
	5.57%
	0.50%
	7.40%

	
	e
	5
	1.36%
	5.58%
	0.52%
	7.46%

	Average
	
	
	1.32%
	5.56%
	0.51%
	7.39%




Comparison of the commercial NIR LEDs
[image: ]
Fig. S21 Photos the deoxygenated YF3:30%Yb/2%Er phosphor under 940 nm and 980 nm LEDs excitation.

Table S5. Operating currents, powers and efficiencies of the NIR LEDs.
	LED 
	Current (mA)
	Electric power (mW)
	Optical power (mW)
	Electricity-to-light efficiency
(%)

	940 nm
	100
	111.8
	26.4
	23.63

	
	500
	607.1
	144.4
	23.79

	
	1000
	1292
	272
	21.06

	980 nm
	100
	114.8
	74.7
	65.01

	
	340
	412.3
	272.2
	66.01

	
	500
	621.1
	403.4
	64.97

	
	1000
	1316
	808.6
	61.45
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