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Temperature-dependence PL Measurements  

 

Figure S1  Arrhenius plots of (a) p1, (b) p2 and (c) p3 obtained from the CIGS TF. The obtained values 

of activation energy at low/high temperature are labeled at their corresponding temperature range. 
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Power-dependence PL Measurements  

DAP Saturation Effect 

In the condition of low excitation power, the ionized DAPs are under saturation level 

therefore the PL intensity of corresponding recombination emission is linearly depending upon 

the excitation power (k=1). On the contrary, when approaching the saturation level under high 

excitation power, a sublinear dependence has emerged (k<1) due to the quantity of excited DAPs 

approaching to its upper limit. Blue shift and expansion of FWHM are also exhibited due to DAP 

saturation. These are caused by DAP mechanisms at different excitation levels. While the 

excitation power is low (Figure S2a), ionized DAPs are far apart such that Coulomb interaction 

between donor and acceptor is irrelevant. DAPs recombination is consequently independent of 

separation distance and exhibits constant photon energy (neglecting the Coulomb term in eq 1) as 

well as FWHM. As a high excitation power is applied and approaches the level of DAPs 

saturation (Figure S2b). Recombination between closed DAPs happens so that Coulomb 

interaction starts to play a role and results in a blue shift in PL emission peak (a surplus 

contribution of the Coulomb term in eq 1 in main paper). Since the photon energy of PL 

emission has become a function of the distance between DAP, FWHM is also increased showing 

that the separation between ionized DAPs distributes over a range of distances. 



 

Figure S2 Schematic illustration of donor-acceptor pair excitation under (a) low excitation power and (b) 

high excitation power.  

 

Figure S3  (a) PL intensity dependence upon excitation power of p3 obtained from CIGS TF and (b) that 

obtained from CIGS NTRs. Inset in (a) shows magnification around 0.4 mW. Results of curve fitting 

based on � ∝ �� are shown in both (a) and (b). 
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Figure S4 Time-resolved photoluminescence (TRPL) measurements of p2 peak obtained from CIGS TF 

and NTRs with CdS capping at 10K.  


