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Supplementary Figures 

 

 

Supplementary Fig. 1 PL comparison. Steady-state photoluminescence (PL) spectra 

of Ag2S and PbS CQDs. A smaller FWHM is clearly observed for Ag2S indicating 

higher colour purity compared to PbS. 
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Supplementary Figure 2 Compositional study of Ag2S CQDs. XPS spectra of the 

pure CQDs: a, the whole survey and b, Ag 3d and c, S 2p core levels. The Ag 3d XPS 

core levels consist of two peaks at binding energies (BEs) of 368.2 and 374.3 eV, which 

can be assigned to Ag 3d5/2 and Ag 3d3/2 of the Ag+ ions in the Ag2S CQDs1. In the XPS 

S 2p core level, the peaks located at BEs of 161.3 and 162.5 eV can be assigned to S 

2p3/2 and S 2p1/2 of the S2- in the Ag2S CQDs1. No Ag and S atoms of other oxidation 

states were detected. 
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Supplementary Figure 3 Morphological properties of CQDs. a, TEM image of 

CQDs, and b, fast-Fourier transform (FFT)-HRTEM image of CQDs. The as-prepared 

Ag2S CQDs were highly dispersed, with a two-dimensional ordered arrangement. The 

HRTEM image indicates that the CQDs were single crystalline. 
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Supplementary Figure 4 Compositional study of CQDs in the perovskite. XPS 

spectra of the CQDs in the triple cation (Cs10(MA0.17FA0.83)Pb(BrxI1-x)3) perovskite: a, 

the whole survey and b, Ag 3d, Pb 4d and N 1s core levels. The XPS high-resolution 

spectra involving Ag 3d, Pb 4d, and N 1s verified the existence of Ag2S CQD dopants 

in the host perovskite matrix2. 
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Supplementary Figure 5 Crystal structure characterization. XRD patterns of the a, 

triple cation perovskite, b, CQDs in the triple cation perovskite and c, pure CQDs. In 

the XRD pattern of the pure perovskite, the typical perovskite peak at ∼14° is evident3. 

In the XRD patterns of the pure CQDs, the peaks match those of monoclinic Ag2S 

(JCPDS 14-0072)4. The broadening of the diffraction peaks suggests the nanocrystalline 

nature of the CQDs. 
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Supplementary Figure 6 Optoelectronic properties of mixed cation perovskite film. 

a, Absorption spectrum of the pure perovskite, and b, steady-state PL spectrum of the 

pure perovskite with peak emission at 750 nm and after embedding CQDs resulting to 

quenching of PL. The latter spectrum indicates effective energy transfer from the 

perovskite matrix to CQD emitters. 
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Supplementary Figure 7 UV-Vis absorption measurements. a, Absorption spectra 

of pure CQDs and CQDs in the triple cation perovskite. b, Magnification of the 

absorption onset region for the estimation of the optical bandgap of CQDs film. 
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Supplementary Figure 8 Fitting of the TRPL decay curves of the pure CQD film 

and 4.2% volume ratio CQD-in-perovskite complex film. 
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Supplementary Figure 9 Photophysical/optoelectronic properties of TPP 

porphyrin. a, Absorption spectrum of TPP in solution. (The chemical structure of TPP 

is shown in the inset.) b, Cyclic voltammetry (CV) and square wave (SW) 

measurements of porphyrin in DCM. All potentials are reported vs. SCE, and FcH/FcH+ 

was used as the internal standard (Eox
1/2 is 0.42 V). c, Room temperature emission 

spectrum of TPP in DCM when exciting the chromophore at 550 nm. 
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Supplementary Figure 10 Morphological properties of the thin films used in this 

study. a, Top view and b, cross-sectional view SEM images of CQDs in the triple cation 

perovskite deposited on an ITO/TiO2 layer. 
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Supplementary Figure 11 Evaluation of the best-performing perovskite-only 

(iodine concentration of 80%) LEDs. a, Current density, b, radiance versus voltage, 

and c, EQE versus current density. 
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Supplementary Figure 12 Evolution of the EL spectra of CQD-in-triple-cation-

perovskite LEDs with increasing voltage. As the perovskite emission (at approximately 

750 nm) is not observed, we can conclude that injected electrons and holes are 

radiatively recombined and only photonic emission occurs within the CQD emitter. 
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Supplementary Figure 13 NIR LED performance variation with CQD size. a, Turn-

on voltage, b, maximum radiance, c, maximum current density, and d, peak EQE values 

of devices with various CQD sizes. 
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Supplementary Figure 14 Emission wavelength tunability of CQDs. Variation of the 

emission peak wavelength and maximum EQE with the CQD size. 
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Supplementary Figure 15 Evolution of NIR LED performance with changing CQD 

content. Variation of the a, current density, b, EQE and c, radiance values of devices 

with CQD content. 
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Supplementary Figure 16 Evaluation of LEDs based on MAPbIxBr3-x as the host 

matrix. a, Current density versus voltage, b, EQE versus current density and c, radiance 

versus voltage of CQD NIR LEDs. 
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Supplementary Figure 17 Evaluation of LEDs with and without porphyrin. a, 

Current density versus voltage, b, radiance versus voltage, c, EQE versus current density 

and d, stability characteristics of CQD NIR LEDs. 
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Supplementary Figure 18 Current density-voltage measurements on electron-only 

devices (ITO/TiO2/CQDs+perovskite/Al) and hole-only devices without incorporation 

of a porphyrin interlayer at the perovskite/MoO3 interface 

(ITO/CQDs+perovskite/MoO3/Pd). 
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Supplementary Figure 19 Performance summary of the most efficient recently 

published solution-processed CQD LEDs emitting in the second NIR window2-21. 
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Supplementary Tables 

Supplementary Table 1 Optimization of the iodine concentration. 

Iodine concentration Peak EQE (%) 

40 4.33 

50 7.13 

60 8.21 

70 9.915 

80 10.74 

90 8.03 

100 5.625 
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Supplementary Table 2 Emission and corresponding CQD sizes and PLQEs. The 

emission characteristics of Ag2S@SiO2 CQDs were measured using a 720 nm excitation 

wavelength. 

Emission maximum 

(nm) 

Size (nm) PLQE (Φ) 
 

1060 8.42±0.56  23%  

1170 8.89±1.12  39%  

1210 9.22±0.93  56%  

1322 9.88±1.29  68% 

1397 10.42±1.05  84%  

1434 10.81±0.52 79% 

1482 11.07±1.02 73% 
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Supplementary Table 3 TRPL results and fitting parameters for CQDs and CQD-in-

perovskite films. (TRPL results were fitted to a two-exponential decay: A1exp(-

t/τ1)+Α2exp(-t/τ2), where A1+Α2=1.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

sample A1 (%) τ1 (ns) A2 (%) τ2 (ns) 

Pure CQDs 44 1.55 56 10.69 

4.2% CQD-in-perovskite  21 1.58 79 14.97 
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Supplementary Table 4 Summary of the performance parameters for NIR LEDs with 

increasing CQD size. 

CQD size (nm) Turn-on 

voltage (V) 

Maximum 

radiance 

(W sr-1 m-2) 

Maximum 

current 

density 

(mA cm-2) 

Peak 

EQE 

(%) 

8.42 1.6 31.77 335 5.38 

8.89 1.6 48.43 316 9.75 

9.22 1.8 61.10 277 13.23 

9.88 2.1 72.86 251 14.33 

10.42 1.6 83.93 210 16.98 

10.81 2.0 74.57 197 12.15 

11.07 2.0 50.44 134 8.11 
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Supplementary Table 5 Summary of the performance parameters for NIR LEDs with 

increasing CQD content within the perovskite matrix. 

CQD content (%) Turn-on 

voltage 

(V) 

Maximum 

radiance 

(W sr-1 m-2) 

Maximum 

current 

density 

 (mA cm-2) 

Peak EQE   

(%) 

0.52 1.8 11.83 296.05 1.04 

1.65 2.2 27.33 255.45 3.82 

2.85 2.0 63.11 242.56 9.48 

3.76 2.0 70.84 238.60 15.06 

4.82 1.8 66.85 197.61 13.15 
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Supplementary Table 6 Summary of the performance parameters for NIR LEDs with 

the structure ITO/TiO2/Ag2S@SiO2 added to MAPbIxBr3-x/porphyrin/MoO3/Ag. 

Device Peak EL 

wavelength 

(nm) 

Turn-on 

voltage  

(V) 

Maximum 

radiance 

 (W sr-1 m-2) 

Maximum 

current 

density 

 (mA cm-2) 

Peak 

EQE 

(%) 

4.2% CQD-in-

perovskite  

 

1397 

 

 

2.2 

 

54.25 

 

 

60.94 

 

12.96 
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Supplementary Table 7 Performance summary of recently published works on the 

most efficient solution-processed CQD NIR LEDs. 

Peak EL 

wavelength 

(nm) 

CQD Turn-on 

voltage 

(V) 

Maximum 

radiance 

 (W sr-1 m-2) 

Maximum 

current 

density 

 (mA cm-2) 

Peak 

EQE 

(%) 

YearRef 

1000-1300 InAs 2.0 - - 0.5 20025 

1200-1500 PbS 1.0 - - 1.15 20086 

800 CdTe/Cd

Se 

1.55 - - 1.59 20137 

1350 PbS 1.2 0.29 0.1 1.6 20158] 

950-1650 PbS 0.7-2.1 - 1000 2.0 20129 

1240 PbS-CdS 1.4 0.75 - 4.3 201510 

980 PbSe - - - 5.3 201711 

853 Si 1.55 - - 8.6 201112 

1400 PbS 0.6 9.00 1.75 7.9 201913 
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Supplementary Table 8 Performance summary of recently published works on the 

most efficient solution-processed perovskite NIR LEDs. 

EL 

wavelength 

(nm) 

Emissive 

layer 

Turn-

on 

voltage    

(V) 

Maximum 

radiance 

 (W sr-1 m-2) 

Maximum 

current 

density 

 (mA cm-2) 

Peak 

EQE   

(%) 

YearRef 

760-770 CH3NH3PbI3-xClx 1.3 28 160 3.5 201514 

950 CsSnI3 1.5-2.0 40 364.3 3.8 201615 

750-800 FAPbI3 

 

- 206.7 1000 5.5 201816 

750 PEA2(MA)n−1PbnI3

n+1 

3.8 80 64 8.8 201617 

750 Cs10(MA0.17FA0.83)

Pb(BrxI1-x)3 

 

2.8 93.34 286.14 9.23 20176 

748 (BAI)0.2MAPbI3 

 

- 30 - 10.4 201718 

763 NFPI6B 1.3 82 100 11.7 201619 

780 NFPI7 1.5 - 500 12.7 201820 

803 5AVA/FAI/PbI2 1.25 390 18 20.7 201821 

800 FAPbI3 1.25 308 200 21.6 201922 
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Supplementary Table 9 Performance summary of recently published works on the 

most efficient solution-processed CQD-in-perovskite NIR LEDs. 

EL 

wavelength 

(nm) 

Emissive 

layer 

Turn-on 

voltage    

(V) 

Maximum 

radiance 

 (W sr-1 m-2) 

Maximum 

current 

density 

 (mA cm-2) 

Peak 

EQE   

(%) 

YearRef 

1280 PbS in (BA)2PbI4 

 

1.1 1.5 - 2.06 201723 

1391 PbS in 

MAPbxBr3-x 

˂1 2.6 - 5.2 201624 

1397 Ag2S@SiO2 in 

triple cation 

perovskite 

1.6 83.93 210 16.98 This work 

 

 

 

 

 

 

 

 

 

 

 



32 
 

Supplementary Table 10 Performance summary of solution-processed NIR OLEDs 

with record efficiencies. 

EL 

wavelength 

(nm) 

Emissive 

layer 

Turn-on 

voltage 

(V) 

Maximum 

radiance 

 (W sr-1 m-2) 

Maximum 

current 

density 

 (mA cm-2) 

Peak 

EQE   

(%) 

YearRef 

721 boron 

difluoride  

curcuminoid in 

CBP 

- 500 - 10 201825 
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