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[bookmark: _Toc359310683]A. Materials and Methods
Synthesis of CaF2:xYb3+ Polycrystalline: According to the stoichiometric ratio of CaF2:xYb3+, (10  x) mmol of CaF2 (99.99% purity, Shanghai Chemical Reagent Company) and x mmol YbF3 (99.99%, Shanghai Chemical Reagent Company) powders were mixed, ground, and heated in an electric furnace with an argon atmosphere. In the synthesis, we took x = 0, 0.01, 0.02, 0.05, 0.1, 0.3, and 0.5. The original mixed material was sintered in a platinum crucible at 1500 ºC for 3 h and then cooled to room temperature naturally. White mixed crystal block materials obtained were ground carefully. XRD analysis indicated that the obtained powders were CaF2 polycrystalline (Fig. S1). 


Figure S1. XRD pattern of CaF2: 1%Yb3+ polycrystalline.
Device Characterization: A power-adjustable CW laser diode (978 nm) and a Nd:YAG pulsed laser (Quantum-Ray) equipped with SHG, THG, FHG, Raman shifter, and dye laser were employed as the pump sources for spectral analysis. Absorption spectra were recorded on a double beam spectrophotometer (UV3600). Luminescence spectra were recorded with a fiber spectrometer (Ocean Optics HR4000CG-UV-NIR) and a 1-m monochromator (SPEX 1000M) equipped a 600 lines/mm (for NIR and visible) grating or an 1800 lines/mm (for UV) grating. The pulse signal from spectrophotometer was connected to a boxcar integrator (Model 162). The boxcar output was fed continuously to a PC equipped with a Jobin Yvon SpectrAcq2 data acquisition system. The spectral measurements at low temperature were carried out with a helium-cycled cryostat (ARS-2HW). A digital oscilloscope (Tektronix DPO4104B) was used to record the decay curves. The current-voltage (I-V) curves of photovoltaic cells were recorded by using a digital sourceMeter (Keithley 2400). Photovoltaic experiments were performed within an integrating sphere (Xingyue Noctiluca JF-100mm). A digital power meter (Newport 70260 with a 70268 Probe and a 70263 Probe) was used to measure the laser powers of 266 nm laser and 978 nm laser.
[bookmark: _Toc359310684]B. Correction of Absorption Spectra
[bookmark: OLE_LINK26][bookmark: OLE_LINK44][bookmark: OLE_LINK74][bookmark: OLE_LINK75]Strong scatting from the power samples masked the characteristic absorption bands related to Yb3+ doping in the UV region. However, in the case of high doping concentrations (30% and 50% molar concentrations), the absorptions in the UV region related to Yb3+ ions are obvious. When we normalized the absorption spectra at single Yb3+ absorption peak, the absorption bands in the UV region become more obvious (Fig. S2). The absorption spectrum of pure CaF2 powder is also plotted in Fig. S2 as a reference. Comparing it with the others, the absorption bands induced by Yb3+ doping can be distinguished. Figure S3 shows the absorption spectra of CaF2: 30%Yb and 50%Yb in a logarithmic coordinates. Two absorption bands related to Yb3+ ions can be seen clearly. The dash lines in Fig. S3 demonstrate the strong scatting from the powder samples. To show the absorption bands in the UV region more clearly, we subtract artificially the dash lines from their corresponding absorption spectra, respectively. The corrected absorption spectra are plotted in Fig. S4.

 
Figure S2. Normalized absorption spectra of CaF2:xYb3+ polycrystalline samples (x = 0, 1%, 2%, 5%, 10%, 30%, and 50%). The normalization was done at the NIR absorption peak (954 nm) of Yb3+ ions.


Figure S3. Absorption spectra of CaF2: 30%Yb (blue line) and 50%Yb (red line) in a logarithmic coordinates. The dash lines demonstrate the strong scatting from the power samples.


Figure S4. Corrected absorption spectra of CaF2:xYb3+ polycrystalline samples (x = 1%, 2%, 5%, 10%, 30%, and 50%).


Figure S5. NIR emission spectra of CaF2:1%Yb polycrystalline recorded under 254 nm, 266 nm, 318 nm, and 355 nm excitations, respectively. The peak located at ~1016 nm is the high order diffraction line of 254 nm excitation light.
[bookmark: _Toc359310685]C. Direct Proofs of Yb-cluster Existence
[bookmark: OLE_LINK65][bookmark: OLE_LINK66]To obtain direct proofs of the existence of Yb-clusters, we performed another two spectral experiments. Under 978 nm excitation, surprisingly, we observed triple cooperative emission (Fig. S6, blue line) from Yb-trimers in the CaF2:1%Yb polycrystalline at room temperature. The triple cooperative emission band peaks at 342.8 nm. However, the cooperative emission from Yb-tetramers was not observed maybe due to its too low cooperative luminescence probability. 
[bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK46][bookmark: OLE_LINK47]To demonstrate the existence of Yb-tetramers, we codoped Yb3+ and Gd3+ in CaF2 polycrystalline and detected upconversion fluorescence from Gd3+ ions under 978 nm excitation 1, 2. Gd3+ has the first excited state 6P7/2 at ~3,1766 cm1. When we monitored the emission (~315 nm) from this level, excitation bands appeared in the spectral ranges of 244 – 258 nm and 270 – 284 nm (Fig. S7), respectively, corresponding to the high-energy excited states 6IJ and 6DJ of Gd3+ ions. The special energy-level structure of Gd3+ ions (Fig. S8) means neither the energy of three 978 nm photons (~3,0675 cm1) nor the energy of an Yb-trimer (~2,9087 cm1) can excite or sensitize Gd3+ efficiently (Fig. S6, red line). However, when we excited the sample of CaF2:2%Yb3+,1%Gd3+ with 978 nm CW laser, 314.8 nm upconversion emission (Fig. S6, black line) from Gd3+ ions was recorded. This upconversion peak locates out of the high-energy wing of Yb-trimer emission band. Such an energy relationship between them indicates that Yb-trimers cannot sensitize Gd3+ ions efficiently. The only mechanism leads to Gd3+ ions excited is the sensitization from Yb-tetramers. Therefore, fluorescent Yb-trimers and Yb-tetramers indeed formed in the CaF2 polycrystalline.


[bookmark: OLE_LINK55][bookmark: OLE_LINK56]Figure S6. Direct experimental proof of the existences of Yb-trimers and Yb-tetramers. Upconversion spectra of CaF2:Yb3+ (blue line), CaF2:Gd3+ (red line), and CaF2:Yb3+, Gd3+ (black line) upon 978 nm excitation. The emission peaked at 342.8 nm is attributed to the triple cooperative luminescence from Yb-trimers. The emission peaked at 314.8 nm (red line) is attributed to the radiative transition of 6P7/2  8S7/2 (Gd3+), which indicates that Yb-tetramers have sensitized codoped Gd3+ ions. No upconversion luminescence (red line) was recorded for CaF2:Gd3+, demonstrating that multiple 978 nm photons cannot excite Gd3+ ions directly.



Figure S7. Excitation spectra of CaF2:Gd3+ (black line) and CaF2:Yb3+, Gd3+ (red line), recorded at room temperature, for the 6P7/2  8S7/2 transition of Gd3+ ions.



[bookmark: OLE_LINK57][bookmark: OLE_LINK61]Figure S8.  Schematic energy level diagrams of Yb3+ and Gd3+. The downward red arrow indicates the NIR emission of Yb3+ ions. Three upward red arrows indicate the excitation of three 978 nm photons or the sensitization from a excited Yb-trimer, indicating that neither three 978 nm photons (~3,0675 cm1) nor an excited Yb-trimer (~2,9087 cm1) can excites a Gd3+ ion efficiently. Purple arrows demonstrate the UV excitations of 255 nm, 266 nm, and 275 nm, respectively. The pink arrow indicates the radiative transition of 6P7/2  8S7/2 (Gd3+).
[bookmark: _Toc359310686]D. Absolute QE Measurement3
There are two types of quantum efficiency (QE), internal quantum efficiency (IQE)4-9 and external quantum efficiency (EQE)10-12. The IQE for quantum cutting materials is the ratio of the number of photons emitted to the number of photons absorbed by luminescence centers. The EQE of quantum cutting is the ratio of the number of photon emitted to the number of incident photons from outside. The IQE is always larger than the EQE. The term QE of quantum cutting generally refers to IQE, just as we used in the paper and below.
For the absolute QE measurements of Yb clusters, we employed a teflon coated integrating sphere (Xingyue Noctiluca JF-100mm). As shown in Fig. S9, the integrating sphere has two main ports (15 mm in diameter) located in 180° geometry. One is the entry for irradiation light and the other is amounted with a teflon holder for setting a sample. In our experiments, each sample (CaF2:xYb3+ polycrystalline, P-dot solution, or a piece of teflon) was pasted onto the teflon holder and excited with a 266 nm continuous-wave laser. An optical fiber leads from a hole on the wall of the integrating sphere to a spectrometer (Ocean Optics HR4000CG-UV-NIR). The angle between fiber interface and the straight line crossing the two ports is 45° to avoid direct illumination getting in the spectrometer. 
To calibrate the measurement system, we measured the incident powers of 266 nm CW laser by using a digital power meter (Newport 70260 with a 70268 Probe and a 70263 Probe) and their integrated intensities through the integrating sphere by using the fiber spectrometer in the case of that a piece of teflon pasted on the holder.
[image: ]
Figure S9. Experimental setup with an integrating sphere for measurements of absolute quantum efficiency. The integrating sphere has two ports (15 mm in diameter) located in 180° geometry. The right one is the entry for irradiation light and the left one is amounted with a teflon holder for a sample to be test.


Figure S10. Integrated intensities of 266 nm CW laser through the integrating sphere for different incident powers. A linear function (grey line) was used for fitting the integrated intensities of 266 nm laser.
Similarly, we measured the incident powers of 978 nm NIR laser by using the digital power meter and their integrated intensities through the integrating sphere by using the fiber spectrometer in the case of that a piece of teflon pasted on the holder. For an integrating sphere that has a high quality, its response to a single wavelength light is linear. As shown in Fig. S10 and Fig. S11, the calibration data of 266 nm CW laser and 978 nm NIR laser can be fitted using linear functions, respectively.


Figure S11. Integrated intensities of 978 nm NIR laser through the integrating sphere for different incident powers. A linear function (grey line) was used for fitting the integrated intensities of 978 nm laser.
When the reference sample (CaF2 polycrystalline) on the holder was excited by 266 nm laser with different incident powers, the integrated intensities of remainder 266 nm laser were recorded by using the fiber spectrometer. When the sample (CaF2:Yb3+ polycrystalline) was pasted onto the holder and excited by 266 nm laser with different incident powers, the spectra of remainder (unabsorbed) 266 nm laser and ~1000 nm luminescence from Yb3+ ions were recorded by using the spectrometer. From these spectra, we calculated the integrated intensities of remainder 266 nm laser and ~1000 nm luminescence from Yb3+ ions. All the spectral peaks we obtained in the above measurements were translated into optical powers using the linear functions in Fig. S10 and Fig. S11.
After above measurements and calculations, we obtained four parameters:

, the incident power of 266 nm laser; 

, the remainder power of 266 nm laser through the integrating sphere after excited to CaF2; 

, the remainder power of 266 nm laser through the integrating sphere after excited to CaF2:1%Yb3+; 

, the power of ~1000 nm NIR emission from Yb3+ clusters through the integrating sphere.





Therefore, the absorbed power of 266 nm laser by CaF2 powder is , and the absorbed power of 266 nm laser by CaF2:1%Yb3+ powder is. The absorption of CaF2 to 266 nm laser is considered to be the same for both CaF2 and CaF2:Yb3+ polycrystalline because the doped concentration of Yb3+ ions in CaF2:1%Yb3+ polycrystalline is extremely low. Thus, the absorption intensity of Yb3+ clusters can be calculated by () – () =. Then, the QE of the NIR emission from Yb-clusters expression is:

, 			(S1)
where n is the emitted photon numbers per absorption photon.
Under 266 nm CW laser excitation, we considered that four photons emitted for one absorbed 266 nm photon according to the absorption spectra. Therefore, the value of n was taken to be 4 in our calculations.
[bookmark: _Toc359310687]E. Output current and Output Power Measurements
We placed a solar cell (~25 cm2) into the bottom of the integrating sphere, as shown in Fig. 2A. A resistor (R = 50 ) was added as a load, as shown in Fig. S12, and then we measured the voltage V between the load resistor and the current I through the load resistor using a digital multimeter (GDM 8246). The output power of the solar cell was obtained by multiplying V and I of the load resistor.
Multimeter
Silicon Solar Cell
R = 50 
Silicon Solar Cell
R = 50 
Multimeter

Figure S12. Setup for output current and output power measurements. (A) Setup for measuring the current I through the load resistor (R = 50 ).  (B) Setup for measuring the voltage V between the load resistor (R = 50 ). Output power = I  V.
[bookmark: _Toc359310688]F. Excluding energy transfer in the excitations of Yb-trimers and Yb-tetramers
[bookmark: OLE_LINK67]We have demonstrated that Yb3+ doping is relevant to the UV absorptions of CaF2:Yb3+ polycrystalline. Until now, however, we have not completely exclude the possibility of energy transfer from defects, color centers, or charge transfer bands in the excitation of Yb-clusters. To get rid of the doubt, we excited the samples of CaF2: 1%Gd3+ and CaF2:2%Yb3+,1%Gd3+ with 255 nm, 266 nm, and 275 nm UV lights, respectively. 255 nm and 275 nm UV lights locate in the excitation bands of Gd3+ ions, and 266 nm UV light locates between the excitation bands of 6DJ and 6IJ (Fig. S8). The luminescence spectra in Fig. S13 shows that 266 nm UV light cannot excite Gd3+ ions even for the double doped sample CaF2:2%Yb3+,1%Gd3+. Such a fact indicates that 266 nm UV light does not cause an efficient indirect excitation in stimulating Gd3+ ions by energy transfer. Excitation or absorption bands of defects, color centers, or charge transfer bands are usually very wide and intense in comparison with those of f-f transitions in trivalent lanthanide ions, if they indeed exist. Therefore, similarly, it is reasonable to believe that the excitations of Yb-trimers and Yb-tetramers in the CaF2:1%Yb polycrystalline cannot originate from the indirect excitations or energy transfer induced by defects, color centers, or charge transfer bands.


Figure S13. PL spectra of CaF2:Gd3+ (upper) and CaF2:Yb3+, Gd3+ (lower) upon 255 nm, 266 nm, and 275 nm excitations, respectively. 255 nm and 275 nm UV lights locate in the excitation bands of Gd3+ ions and can excited Gd3+ ions efficiently. 

[bookmark: _Toc359310689]G. Formula Deduced for IQE Calculation by Using a Comparison Method

[bookmark: OLE_LINK12][bookmark: OLE_LINK17][bookmark: OLE_LINK25]The light emitted from or scattered by a sample (CaF2, CaF2:1%Yb3+, teflon, water, or polymer dot aqueous solution) in the integrating sphere will be multiple-reflected by the internal coating (teflon). For a light with the wavelength of  nm and the optical power of watt, the remaining power and the irradiation power on the solar cell inside for each reflection are:
1. 

 and 
2. 

 and 
3. 

 and 
…..


n.   and 


where is the reflectivity of teflon coating to  light; stands for the area ratio of the solar cell (25 cm2) to the internal surface of the integrating sphere (10 cm in diameter). Therefore, the total power absorbed by the solar cell is:

,           (S2)
where 

.		                     (S3)
In order to calculate the QE of CaF2:1%Yb polycrystalline by a comparison method, we measured the output currents of the silicon cell with CaF2:1%Yb3+ and the polymer dot aqueous solution, respectively. The output currents can be expressed as below:

;   (S4)

,	 	(S5)










where e is the electric charge of an electron; , , , and  are the output currents of the silicon cell measured with CaF2:1%Yb, P-dot aqueous solution, water, and teflon, respectively; the reflective ratio of teflon to 266 nm light; ,  and are the absorption ratios of CaF2, p-dot aqueous solution, and Yb-clusters to incident 266 nm laser, respectively;  the QE of the p-dot aqueous solution;  the QE of the solar cell for the irradiation with  wavelength.
From equations (S4) and (S5), we obtain:


     (S6)
The absorption ratio of pure CaF2 to 266 nm laser can be indicated as:

, 							 (S7)

where  stands for the output current of the silicon cell measured with CaF2.
So,

 (S8)
[bookmark: _Toc359310690]H. Figure S14-S18 and Table S1-S3


Figure S14. QEs of the polycrystalline silicon cell upon different irradiation wavelengths.
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Figure S15. Schematic energy level diagram of Yb clusters and multiphoton quantum cutting processes. Upon a UV photon stimulation (step 1), three Yb3+ ions in an Yb-trimer (A) or four Yb3+ ions in an Yb-tetramer (B) are excited simultaneously (step 2). After Yb-clusters are stimulated into their excited states, the excited Yb3+ ions in them make radiative transitions individually. Corresponding quantum transitions (step 3) are marked by colored arrows.


Figure S16. Absorption of polymer dot (P-dot) aqueous solution at 266 nm for different irradiation powers. The averaged absorption is ~80.007%.




Figure S17. PL spectrum of polymer dot (P-dot) aqueous solution recorded under 266 nm excitation by a fiber spectrometer.


Figure S18. Yb 4D spectrum indicates that there is no Yb2+ ion existing in the CaF2:1%Yb polycrystalline. The positions of Yb3+ and Yb2+ are marked by red and green arrows, respectively.
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	R

	1200
	0.974
	710
	0.981
	550
	0.978
	390
	0.967

	1150
	0.978
	700
	0.98
	540
	0.977
	380
	0.967

	1100
	0.979
	690
	0.98
	530
	0.977
	370
	0.966

	1050
	0.98
	680
	0.98
	520
	0.978
	360
	0.962

	1000
	0.98
	670
	0.98
	510
	0.977
	350
	0.962

	950
	0.981
	660
	0.98
	500
	0.978
	340
	0.958

	900
	0.98
	650
	0.98
	490
	0.977
	330
	0.949

	850
	0.981
	640
	0.979
	480
	0.976
	320
	0.945

	800
	0.982
	630
	0.979
	470
	0.976
	310
	0.937

	780
	0.982
	620
	0.979
	460
	0.975
	300
	0.927

	770
	0.982
	610
	0.979
	450
	0.975
	290
	0.91

	760
	0.982
	600
	0.979
	440
	0.974
	280
	0.898

	750
	0.982
	590
	0.979
	430
	0.973
	270
	0.891

	740
	0.982
	580
	0.979
	420
	0.97
	260
	0.886

	730
	0.981
	570
	0.98
	410
	0.97
	250
	0.881

	720
	0.981
	560
	0.979
	400
	0.969
	
	


Table S1. Reflectivity of the integrating sphere internal coating used for quantum efficiency measurements. 


	 (nm)
	QE (%)
	 (nm)
	QE (%)
	 (nm)
	QE (%)
	 (nm)
	QE (%)
	 (nm)
	QE (%)

	250
	1
	420
	81.77
	600
	97.27
	780
	94.2
	960
	78.78

	260
	2
	430
	84.78
	610
	97.25
	790
	93.91
	970
	76.58

	266
	15
	440
	87.14
	620
	97.26
	800
	93.49
	980
	75.9

	270
	22
	450
	89.16
	630
	97.16
	810
	93.14
	990
	72.53

	280
	28.11
	460
	90.74
	640
	97.14
	820
	92.97
	1000
	69.87

	290
	34.3
	470
	92.09
	650
	97.03
	830
	93.23
	1010
	65.59

	300
	43.18
	480
	93.2
	660
	96.94
	840
	92.09
	1020
	62.16

	310
	44.2
	490
	94.08
	670
	96.88
	850
	90.84
	1030
	57.22

	320
	45.31
	500
	94.81
	680
	96.72
	860
	90.05
	1040
	52.17

	330
	45.92
	510
	95.46
	690
	96.52
	870
	89.62
	1050
	46.85

	340
	46.72
	520
	95.84
	700
	96.34
	880
	89.6
	1060
	40.63

	350
	48.08
	530
	96.2
	710
	96.14
	890
	89.2
	1070
	34.66

	360
	48.81
	540
	96.41
	720
	95.91
	900
	88.22
	1080
	30.35

	370
	51.43
	550
	96.73
	730
	95.83
	910
	87.19
	1090
	25.87

	380
	61.18
	560
	96.85
	740
	95.5
	920
	86.67
	1100
	21.02

	390
	67.35
	570
	97.02
	750
	95.22
	930
	83.85
	
	

	400
	72.97
	580
	97.2
	760
	94.94
	940
	82.6
	
	

	410
	78.09
	590
	97.18
	770
	94.74
	950
	81.1
	
	


Table S2. Quantum efficiency (QE) of the polycrystalline silicon solar cells for the irradiation lights with different wavelengths ().

	Incident Power (mW)
	Absorption Ratio
	Error

	2.4
	0.64924
	 0.0782

	4.7
	0.80581
	 0.06123

	6.7
	0.78493
	 0.02545

	8.5
	0.76858
	 0.00431

	10.8
	0.81311
	 0.02309

	12.7
	0.80938
	 0.00521

	15
	0.82353
	 0.00223

	16.8
	0.80002
	 0.0347


 










Table S3. Absorption ratios of P-dot solution to 266 nm laser with different incident powers.
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