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Fig. S1 Size distributions of (a) AIS and (b) ZAIS/ZIS/ZnS QDs measured by HRTEM. Chemical compositions 

of (c) AIS and (d) ZAIS/ZIS/ZnS obtained by EDS.  
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Fig. S2 (a) The PL excitation spectrum (pink) of AIS obtained at the maximum emission wavelength is 

compared to the absorption spectrum (black). The PL excitation shows the comparable feature to the 

low-energy absorption. The band gap energies of (b) AIS, (c) ZAIS, (d) ZAIS/ZIS, and (e) ZAIS/ZIS/ZnS 

are estimated using the Tauc plot. (f) Estimated band gap energies of QDs.  
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Fig. S3 (a) The TRPL spectra of AIS show the intensity decrease and red-shift of emission with increase 

in detection time. (b) The steady-state PL spectrum is almost identical to the integrated TRPL spectrum 

for the temporal range of 0-2,000 ns, which is normalized for better comparison. The TRPL spectra at 

the detection time of (c) 10 ns, (d) 100 ns, (e) 1,000 ns, and (f) 2,000 ns are decomposed into two 

bands (BG and SD) with the identical peak energies of the steady-state PL spectrum.  
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Fig. S4 The band gap emission (BG) is compared to the high-energy absorption (symmetry-allowed 

transition) and low-energy absorption (weakly-allowed transition) in (a) wavelength and (b) energy 

scale. The intensities are normalized for comparison. (c) The low-energy absorption (gray) and band 

gap emission (red) of AIS are decomposed into combination phonon modes, which are simulated with 

S = 4.1. The vertical bars indicate the relative intensities of phonon modes. (d) The spectral profiles of 

the low-energy absorption and band gap emission are simulated using single-phonon modes with S = 

6.7.  
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Fig. S5 (a) Schematic optical transitions along the coupled coordinate in AIS. The low-energy 

absorption (gray arrow) is the weakly-allowed transition, while the high-energy absorption (blue 

arrow) is the symmetry-allowed transition. The photoluminescence (red arrow) mainly takes place 

from the lowest-excited state to ground state, despite the major absorption to a higher-lying excited 

state, due to the fast relaxation (violet arrow). The energy of the zero-phonon line (EZPL) implies the 

band gap energy (Eg). The minor emission (green arrow) takes place from the surface states. (b) The 

energy and intensity of the low-energy absorption are compared to those of the high-energy 

absorption. (c) The EZPL of surface states is compared to that of band gap states.  
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Fig. S6 (a) The normalized time-resolved PL profiles are fitted by the bi-exponential model (yellow 

lines). (b) The relative magnitudes of the fast component (A1) and slow component (A2) are obtained 

using fitting processes.  

 

 

 

 

 

 

 

 

 

Fig. S7 The low-energy absorption (gray) and band gap emission (red) in (a) ZAIS, (b) ZAIS/ZIS, and (c) 

ZAIS/ZIS/ZnS are decomposed into progression of phonon modes.  
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Fig. S8 The low-energy absorption (gray) and band gap emission (red) in (a) AIS, (b) ZAIS, (c) ZAIS/ZIS, 

and (d) ZAIS/ZIS/ZnS are decomposed into phonon modes. The decomposed bands are simulated with 

the combination mode using the configuration coordinate model. The Huang−Rhys factors of optical 

transitions (S) are also presented.  
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Fig. S9 The decomposed absorption and PL spectra of (a) AIS and (b) CuInS2 QDs. The low-energy 

absorption (gray) and band gap emission (red) are decomposed into phonon modes.  
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