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Fig. S1 EDS analysis of as-synthesized OM-capped β-NaYF4:Yb,Er UCNCs.

Fig. S2 Photographs of the ligand-exchange process and the corresponding pictures before, 
during, and after ligand-exchange treatment, respectively.
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Fig. S3 XPS analysis of each individual element (N 1s, I 3d, Na 1s, Y 3d, F 1s, and Yb 4d) in 
the UCNCs before and after ligand-exchange treatment.
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Fig. S4 SEM-EDS mapping images of UCNCs-embedded perovskite film.
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Fig. S5 Grain-size distribution results estimated from analysis of 100 grains for perovskite films 
with different amount of MAI-capped UCNCs. The results in (a–e) are corresponding to 
pristine, UC-10, UC-20, UC-30, and UC-50 samples, respectively. The average grain diameter 
( ) is calculated from the Gaussian fit to the distribution. (f) The box chart of the variation as a 𝑑
function of  MAI-UCNCs additive amounts. 𝑑
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Fig. S6 XRD patterns of UCNCs-embedded perovskite films with different MAI-UCNCs 
additive amounts. 

Fig. S7 Upconversion emission of as-synthesized UCNCs and UCNCs/perovskite powder 
obtained from UC-20 perovskite film with a UCNCs mass ratio of 3%. Note that the emission 
intensity from the UCNCs sample is multiplied by a factor of 33 in order to equivalently 
compare with the UCNCs/perovskite sample.
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Fig. S8 Steady-state PL spectra of the perovskite films embedding with β-NaYF4:Yb,Er and β-
NaYF4:Yb nanocrystals under the excitation of 980 nm laser.

Fig. S9 (a) Schematic configuration and (b) cross-sectional SEM image of a complete UCNCs-
embedded planar PSC device.
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Fig. S10 Hysteresis characteristics of UC-20 planar PSC under AM 1.5G.

Fig. S11 Variation box chart of η for planar PSCs with different UCNCs additive amounts.
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Table S1 Photovoltaic parameters of 50 individual pristine and UC-20 devices.

Pristine UC-20Device
# Voc (V) Jsc (mA cm2) FF (%) PCE (%) Voc (V) Jsc (mA cm2) FF (%) PCE (%)

1 1.13 18.65 63.93 13.46 1.15 22.71 75.39 19.70

2 1.12 18.68 63.84 13.36 1.14 22.82 74.95 19.50

3 1.14 18.15 64.25 13.29 1.13 22.78 75.20 19.35

4 1.13 17.96 63.85 12.96 1.14 22.60 74.96 19.31

5 1.14 17.76 63.64 12.88 1.13 22.33 76.02 19.19

6 1.14 17.84 62.95 12.80 1.13 22.46 75.32 19.11

7 1.13 17.82 63.02 12.69 1.14 22.15 75.66 19.10

8 1.13 17.52 64.05 12.68 1.13 22.75 74.28 19.09

9 1.12 17.83 63.45 12.67 1.12 22.31 76.32 19.07

10 1.13 17.78 62.88 12.63 1.14 22.07 75.66 19.03

11 1.13 17.76 62.79 12.60 1.13 22.05 76.17 18.98

12 1.14 17.60 62.70 12.58 1.13 22.29 75.35 18.97

13 1.13 17.48 63.61 12.57 1.15 21.98 74.86 18.93

14 1.13 17.22 64.32 12.52 1.14 21.96 75.53 18.90

15 1.13 17.32 63.65 12.45 1.13 22.01 75.51 18.78

16 1.13 17.20 63.74 12.39 1.13 22.52 73.75 18.77

17 1.13 16.90 64.36 12.29 1.14 21.87 75.20 18.75

18 1.14 16.69 64.30 12.23 1.14 21.51 76.20 18.69

19 1.13 16.79 64.42 12.22 1.12 21.83 76.32 18.66

20 1.13 17.01 63.56 12.22 1.13 21.79 75.65 18.63

21 1.14 16.52 64.71 12.19 1.14 21.51 75.96 18.63

22 1.13 16.81 64.13 12.18 1.13 21.61 76.21 18.61

23 1.13 16.81 64.11 12.18 1.15 21.32 75.85 18.59

24 1.13 16.89 63.75 12.17 1.14 21.53 75.60 18.56

25 1.14 16.66 63.99 12.16 1.13 21.79 75.33 18.55

26 1.13 16.74 64.20 12.15 1.14 21.35 76.21 18.55

27 1.14 16.92 62.86 12.13 1.13 21.44 76.52 18.54

28 1.13 16.54 64.52 12.06 1.13 21.60 75.88 18.52

29 1.13 16.70 63.66 12.01 1.14 21.46 75.61 18.50

30 1.14 16.43 63.70 11.93 1.14 21.54 75.32 18.50
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31 1.13 16.41 64.22 11.91 1.13 21.70 75.43 18.50

32 1.12 16.33 65.01 11.89 1.13 21.72 75.36 18.49

33 1.14 16.25 63.94 11.85 1.14 21.31 75.77 18.41

34 1.13 16.06 65.24 11.84 1.13 21.26 76.50 18.38

35 1.13 16.26 64.31 11.81 1.13 21.22 76.54 18.35

36 1.13 16.23 63.87 11.72 1.14 21.65 74.35 18.35

37 1.14 16.03 64.11 11.72 1.13 21.18 76.54 18.32

38 1.15 15.75 64.32 11.65 1.13 21.37 75.73 18.29

39 1.13 16.12 63.02 11.48 1.14 21.03 76.30 18.29

40 1.13 15.77 64.27 11.45 1.13 21.01 77.00 18.28

41 1.13 15.86 63.44 11.37 1.14 21.18 75.69 18.27

42 1.12 15.54 65.27 11.36 1.12 21.31 76.44 18.24

43 1.13 15.70 63.85 11.33 1.13 21.22 75.95 18.21

44 1.14 15.50 63.96 11.30 1.13 21.13 76.01 18.15

45 1.13 15.51 64.23 11.25 1.14 20.94 75.64 18.06

46 1.13 15.40 64.54 11.23 1.14 20.86 75.67 18.00

47 1.14 14.95 64.55 11.00 1.13 20.73 76.51 17.93

48 1.13 14.81 64.81 10.85 1.14 20.70 75.66 17.85

49 1.14 14.34 65.10 10.64 1.15 20.49 75.40 17.77

50 1.13 14.45 64.72 10.57 1.13 20.67 75.98 17.75

Table S2 Fit results of the TR-PL spectra in Fig. 3d. The decay curves were fitted with a tri-
exponential function as PL intensity = A + ΣBiexp(t/τi), and the relative content (Reli) of each 
lifetime constant (τi) was calculated by Reli = Biτi/(ΣBiτi). The average PL lifetime constants (
) are calculated by  = Rel1τ1+ Rel2τ2+ Rel3τ3. �̅� �̅�

Sample τ1 (ns) Rel1 (%) τ2 (ns) Rel2 (%) τ3 (ns) Rel3 (%) �̅� (𝑛𝑠)

Pristine/SiO2 3.73 0.37 45.24 6.26 144.83 93.37 138.07

UC-20/SiO2 4.20 1.25 56.77 8.35 195.32 90.40 181.36

Pristine/ZnO 3.33 8.43 12.71 58.82 43.74 32.75 22.08

UC-20/ZnO 1.85 12.15 7.44 56.01 32.65 31.84 14.79
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Fig. S12 EIS Nyquist plots of the pristine and UC-20 planar PSCs.

Table S3 Reported η of upconversion materials embedded PSC measured under 980 nm laser 
irradiation.

Device 
architecture

Upconversion
materials Particle size Irradiance η Ref.

Mesoporous β-NaYF4:Yb,Er
nanoprism 550–600 nm 11.1 W cm–2 0.01% 1

Mesoporous β-NaYF4:Yb,Er
nanoparticle 16.3±0.8 nm 28 W cm–2 0.35% 2

Mesoporous β-NaYF4:Yb,Tm@NaYF4 
nanoparticle 45–50 nm 7.1 W cm–2 0.083% 3
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Fig. S13 JV curves measured under AM 1.5G for β-NaYF4:Yb,Er NCs-embedded PSC (w/ 
Yb & Er) and the β-NaYF4 NCs-embedded PSC (w/o Yb & Er).
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